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Preface 


T^OR itnnj >ear<5 there has been a •»teadj accumulation of data on the kinetic« 

of cellular proliferation u^'ing such clas<uc technics as tran^sfusion experiments 
morphologic examination of tissues detenniaation of mitotic nitlax and estima 
tion of the rate of mito is with 'tathmokinetic drugs The de\ elopment of new 
technics with the mcreasmg availability of isotopes and the feasibilit} of auto 
mdiographi has not onJj cata? 3 £ed sfudj of this important area but a^ o has 
brought with it new problems The rapid accumulation of data wath a vanetj of 
technics has led to apparent discrepancies m the interpretation of the mechames 
of the normal rtcadv state and the method bj which the hematopoietic sNstem 
meets the frequent demand for mcrea<!ed output In Mew of this the Hematologj 
Stud 5 Section of the 'National Institutes of Health considered that more rapid 
progre'w m this important area could be achieved if a conference were held in 
which investigators could exchinge opinions about problems of technic the 
assumptions implied m the interpretation of data the control of the steadv state 
and the re police to perturbations Tlus it was hoped would resolve some prob 
lems and more clcarlj define others 

It was the intent of the sponsors that not oulj should the Conference provide 
an opportunitj for di cussion amongst workers m the area but also that their 
expcnence should be made generall 5 available through publication of the pro 
ceedmgs Here qualified investigators have presented the «cope limitations pit 
falls and even det uls of various technics The merits of one approach over an 
other areconsidered I arious models for cellular proliferation are proposed and the 
pro and cons debated Mathematical models, are presented for various expen 
mental possibilities and m di«cussion the usefulne s of such models is defined 

As might be anticipated m this the atomic age much of the information pre 
sente<l was obtained with radioactive tracer* However it has never been more 
vavadlv pointevl out than in the first session of this Conference that although 
tracers are important tools one should not discard the older classic technics of 
morphology etc No stronger ai^ument could be found for the morphologic 
approach than Dr Be'^is classic demonstration of the exchange of iron between 
reticular cell and nonnoblast bj u&c of electron photomicrographs which Dr 
Castle likened to the NIoiia Li«a 

The organizing committee felt that to demo maximum benefit from the Con 
fereiice the proceedings «houId lie published at the earliest posoiblc date and at 
the lowest cost per volume Tor this ground rules were nece sarj All mami 
senpts were due at the time of the conference tw o w eeks w ere giv en for revasion 
of discussion the length of the manusenpt permitted should v arv with the time 
allotted for the presentation at the conference the number of references and 
illustrations permitted bore in invert relation to the length of the text i o bj 
reducing the text one could increase the number of illustrations or references 
The Editor was quite fortunate in that all but a few participants adhered to the 
rules Particularly gratifying was the promptness of the participints in returning 
their discus ion and the inclusion of appropnate illustritions t ibles and refer 
ences used m the distuestoii The di cus.too which occurre<l has })ccn grouped 
according to topics insofar as possalle \ccordingly where several speikcrs di 



cussed \aTious facets of a giaen problem, the entire di«cu«sion has been placed 
after the final paper on the subject 

As Editor I should like to thank the participants for their cooperation and for¬ 
bearance, and m particular Dr M M Wmtrobe, Chairman of the Hematology 
Study Section, and Dr E I* Cronkite, Chairman of the Organizing Committee, 
for their encouragement and ad\nce I am particularly grateful to Mrs Rita 
Lyons and Mrs Alane Cole for patient and devoted secretanal help Lastly the 
prompt publication of this volume would not have been possible but for the 
cooperation of our publishers, Gnine and Stratton, Inc 


Belhesda, 1/arcA 19o9 


Frederick Stohlvian, Jr 



Opening Remarics 

By M jr ivrnoBE 

I T GI^'ES me great pleasure to welcome all of you to this conference The 
State of Utah, the Uni\er«ityof Utah and especially the College of "Medicice, 
are \er\ pleased to h'\\e you here We wish to thank you for coming and owe 
special thanks to the participants m the conference who have had the always 
unwelcome task of preparing m advance a manuscript for publication 
Thanks are due also to the United States Public Health Sen ice for its generous 
support of the conference and for making possible publication of the proceedings 
The U S Public Health Service lias provided a subsidy for the publication 
which will make the proceedmgs available at a low cost 
I wish to acknowledge our debt to the subcommittee of the Hematologj Study 
Section whose responsibihty it was to plan this meeting The committee consists 
of Dr Cronkite as chairman and Drs Castle, London, Stohlman and Tocantins 
Thanks are abo due to the local committee of which Dr Athens is chairman 
I hope that it will be helpful if I state the ground rules of the meeting This is 
planned as a working conference Invitations to the meeting have been limited 
to those who have been actually engaged m studies related to the subject of the 
conference In addition, a broited number of others who have related interests, 
or are responsible for research which ha« a bearing in one way or another on our 
topic, have been mcluded We are anxious that there be adequate opportunity 
for discussion This is the essential reason for limitation of the time of each of 
the speakers We hope that the speakers will not feel compelled to adhere too 
closely to their manuscripts but, instead, will talk freely In some mstanco they 
may not have time to state ev erything which is to be found m their manuscripts 
The^e details will, we hope, come out m the subsequent discussion In the general 
discussion those participants m the conference who'c names are listed on the 
program will be given preference but, at the discretion of the session chairman, 
others wall be given an opportimity to join the discussion We are naturally 
anxious to have the discussion as effective os possible At the same time we hope 
that the remarks made will be as brief and as much to the point as possible 
Discussions at a meetmg of this Lind necessarily are somewhat formal In order 
to make possible a freer exchange of ideas than may be accomplished during the 
tune of scheduled meetings, dinners have been planned for both Monday and 
Tuesday evenings, at which there wall be no program and no speeches During 
these two ev enings it will be possible, we hope, for all those attending the meeting 
to come together mfonnally, both before and after as vrell as dunng dinner, for 
the purpose of discussing problems of mutual interest 
Our subject is stated to be the kinetics of cellular proliferation \ctually our 
topic IS both broader and narrower than this We arc interested particularly m 
the kinetics of the cells of the blood 

Ivjnetics IS defined as that branch of mechanics which treats of the action of 
forces in produemg or changing the motion of bodies e arc concerned today 
not only wath the action of forces m producing or changing the motion of celK 
but we seek to understand their growth rate their rate of liberation from the 
Sites of their production and growth, and the factors which gov cm these "W o arc 
interested in determining their total mass and their fate We «cek this mforma 
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tion in quintititue tenns e laiOR a good deal about the morphologic a pects 
of cell growth and we haNe learned much about the material needed for the 
formation of cells as uell as the chenucal changes which the products of their 
breakdown undergo In quantitative terms howe^e^ our information is com 
pnratnely meager True we ha\e learned much about the erjthron its produc 
tion rate life span and fate The leukocytes however have presented manv 
problems for tho e who have<50u^ttogainsome insight concerning the quantitn 
tive aspects of their production and life span The platelets likewise havcpre 
sented ®erious problems m this regard These wall be brought out in the di cussion 
and I hope some solutions w ill be suggested 

It mav be noted that one of the earliest attempts to establish the life span of 
the leukocj te was that of Minot and Isaacs m I92o They transfused blood from 
a patient w ith chronic Ij mphoc 5 tic leukemia into a patient w ith 1> mphosarcoms 
Lnfortunately Dr Minot is not here to participate in this meeting but his w orthj 
successor will serve as chairman of our first session Fortunatelj man} of tho-o 
who have wrestled with the problem since Mmot attempted to find an answer 
are on hand todaj This is because sj stematic studies in this field are actuallj of 
recent ongui and most of the literature on the subject dates back less than a 
decade 

In the first session it is proposed to ta> the background and present the picture 
of our current knowledge One fact that has become abundantlj clear to those 
working m this field is that there arc many pitfalls often unforeseen m studies 
of the kinetics of cellular proliferation and unfortunate)) one can cnticire «ome 
of the Btudica and conclusions derived from experiments earned out to date 
Because it has been found that radioactive phosphorus is incorporated into 
leukoc)tes as desosjribonucleic acid (DNA) onl> dunng the intemutotic pha«e 
and hecau c it is not exchanged subsequent to cell division DNA synthesis 
stabihtv and degradation are subjects of the greatest importance to us The«e 
wall be considered in the second session of this conference Labeled DNA is a key 
factvyt «v presewt-vlaj expeTOwents and awothet session wib be dexoted to thi^^ 
There are al o other label ng technics w hich hav e much to offer in seeking answ ers 
to OUT problems and these wdl be considered also 

A conference of this kind would be incomplete without a discussion of the 
regulation of leukocyte and platelet as well as red cell production and it is hoped 
to di cu«s these topics as vrell Finally it ii proposed to explore the difficult and 
exceedinglx important mathematical and statistical eon»idenitions which arc 
inv oh ed in studies of the kinetics of cellular proliferation 

In this regard it is appropriate to call attention to the fact that the participants 
in our conference include not only the hematologists and biochemists who have 
now for some time recognized that tbii) have interests in common but aWo 
the( retical chemists «tatisticians mathematicians and even electrical engineers 
Thi« we feel sure wall be valuable for the hematologist I hope that our new 
associates wall find the coilaborationat least somewhat rewarding Me know that 
they have methods of approaching a problem which are quite different from ours 
and these should be refreshii g and stimulating and very probably rewarding 
I \\a«h therefore to bid our new fnend a special welcome 
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Anatomic and Physiologic Facts and Hy’potlie'ses Al)onl 
Hemopoietic Prohfeiating Systems 

By E P Crovkitl T M FuED\En \ P Bond and J S Robehtson 

"pOSSIBLI the first 'inatomic fact related to hematology the firm e^tab 

li'hmcntbj ^^^lplght m the mid IGOOs of the circulation of blood confirming 
Hanej s earlier concept of the existence of a continuous excliange between 
ti^iies Onh «mce the development of radioisotopea however, has it been possible 
to 'tudv without du-turbance the tran«fer and exchange rates of molecular 
substances and their preci e di«tnljution m the various bodv compartment^ 
which maj be anatomic or chemical Cell proliferation m hematopoietic tissues 
has been hnowm for decide* The formation of blood cells b> the marrow was 
de cnbed bv ’Neumann and Bizzozero *• and mitosis in the bone marrow bj 
Flemmmg Although the existence of continual hemopoietic cell production has 
hag been knouTi methods hr quantitative <tudi hatv been flow in deivlop 
meat thus delaying the application of modem compartment theorv” to the 
studj of the kmetica of cell proliferation In the last decade manj precise 
methods of «tudjang life -span production rates «ue of proliferative and mature 
compartments and labeling of single cells have been developed The existence 
of a steadj *tate between production and destruction l* now quite firmlj estab 
h«bed Some information is developing on the mechanism of regulation of the 
stcadj state proliferation The rta^on for this pubbcation is to evaluate the 
present status of knowledge with respect to turnover time rate hfe span cell 
behavnor fate function and mechanisms regulating the steady state level be 
tween production and destruction As the opening discussion this chapter will 

1 Summinze the complex and peculiarcircidatoiy relationsbetwecnvanous 
anatomic parts of the hemopoietic swstem and the bodj at large indicating 
interchange of cell* etc 

2 Present a generalized scheme for proliferation indicating the sites at w hich 
it IS po«sible to make static and d>namic quantitative meisurements 

3 Tabulate quantitative estimates of size numbers hfe spin etc as known 

Tlie generalized scheme clearly reflects a certain personal bias Following this 

introduction others will present data to fill in the gapa to renso exi ting num 

From the Medinl Epsewk Center BrooLbsven NatJoa^J L/tlor^ion U;l«n N I 
Supported bj the Un ted States Atomic Energ> Comnu sion 



2 


KISETICS OF CEttOLAR PROLIFEKATION 


bers, or, perhaps, to destroj all or m part the general echeme ba«e<l partl> on 
facts and thus thoroughly enjoy themselves while Imng up to an old saying of 
Charles Darwin “Fal'e facts are highly injurious to the progress of science for 
they often endure long, but fahe views, if supported by some evidence, do httle 
harm, for everyone takes a saluloiy plea‘Jure in proving their fal-eness ” 0 good, 
Hamilton, Yoffcy, Patt, Cronlate**, Rigas**, Otte^cn**, and Cronkite** have 
proposed models or «chemes for one or more cell lines which we are reluctant to 
accept tn tolo for various rea‘-ons that vnll almost certainly be brought out in 
later presentations and discussions 

Actually, the premise stated eariier of a simple steady state is a gros» ov er 
simplification Most tissues are to some degree m a state of flux, their popula 
tion size vanes with the balance between production and removal For example, 
note the production and disappearance of calluses of the skm and changing red 
cell mass wnth increasing altitude However, with constant environment, there is 
a surpnsing constanev of the size of the circulating red cell mass, platelet and 
leukocy te concentrations The fact that a steady stale can be maintained, where 
cell production equals cell lo«s (removal by senescence and random loss), implies 
a dehcate control mechanism re«ponsne to small changes in some signal The 
rapid return to the steady «tate follomng losses of greater magnitude, such as 
may be encountered following bums, large hemorrhages, etc, suggests the 
existence of a second «ervo mechanism «en«itive to rather gross changes in the 
system inv oh ed In fact Stohlman® has pre ented evadence for a dual control of 
eiy thropoie«is 

The relationship between the various parts of hemopoie«is and the bodv at 
large are shown m figure 1 AglancereveaKtheextreme complexity of the chart 
which may «er\e Us only practical purpose in demonstrating the complexity of 
the relationships that participate and interact in the ultimate regulation of 
hemopoietic balance In «ome instances one can only measure concentration, 
and thismav bevery misleading since the mature and the proliferating compart 
ments under some circumstances can be drastically reduced m sue without 
change in the concentration per unit volume The turnover time will reroam 
constant but turnover rate will be greatly reduced It has been known since 
Neumann and Bizzozero'* that red blood cells, certain leukocytes and platelets 
are ituide m the bone marrow, enter the venous circulation, become mixed in the 
lungs, and are distributed to all tissues vaa theartenal circulation Simultaneously 
numerous large medium, and small lymphocytes and small numbers of mono¬ 
cytes and plasma cells from the lymph nodes enter the venous circulation vaa 
Ij mphatic channels to be mixed vn the lungs and distributed throughout the body 
Since the concentration m the pcnpberal blood is relatively constant for each 
cell type, cells either recirculate arc vised for =ome function in the lis. ues die 
and are destroy ed intravasculariy or are removed and destroyed extravascularly, 
e g , m the reticuloendothelial system (RES) after phagocytosis These problems 
were in part appreciated late m the last century Metchnikoff, Goldman Ranvaer, 
fVsehoff (tevaewed m reference 19), and probablv others vvere aware of the migra 
tion of celK from one part of the body to another and were concerned about 
tran'formation from one cell tyiie to another The avvareneo& and consideration of 
the«e problems led to the ideas of storage pools (extra or intravascular) tilth 
n>pect to the lymphocyle, we shall enumerate «!ome of the vanous ideas of its 



Fia 1 —Schematic diagram cf (he relation«htp I ctHeea the ]} niphatte find hloo<] ctreu 
lation 8} stems indicating 8Ues oT production possible destruction and the complcNintcr 
relations a\hich result in a final hemopoietic balance 

function tint hate dot eloped some of tthich '5ppe^^ piwliug todit Some 
of these are incorporated into the gencrnl ‘•cheme tii figure 1 The problem is 
e^cellcntlj rctnetted bj Ficlitchua,** nnd is sumnuinzed below 
Ljmphocj'tcs hite been bclieted to migntc through the intestine (Bunting 
and Huston), to recjcle from J>mph (o blood and bick (Sjotnll). to be filtered 
out m the bone marrow and «cnc is precumrs of dl other blood cells (Jord in 
and Speidcl and chimpioncd now b\ YolTct)** to dmntegnte in the blood, to 
1a? fnn^farmed info Iwrte cefN (Okf-ind), to tjc tratt^formed tnio cpitkeinl cells 
(Andrew), and to be filtered out and de^tnitcd m the lungs (Ucisl>cigcr) 

\irchow noted tbit the ijmphocvtc waa actue m defence agami-t infections 
^faximow and Bloom consider it a *11001 cell for monomiclear phagoette*, and 
p()‘‘«il)b the neutrophil or other cells tinder <!ome circum'-tanccs I \ inphoct tes 
lute Wen connected with antil>od\ production Andrei>cn* has a«cnl)ed a 
unique transport role to the It mphoq te of carrj mg conccntrited protein*! from 
one organ to another without mfliiencmg (he colloidal osmotic pressure of the 
pla<=mi The abotc und main other functimis Into Won a,scnljcd to bmpho 
ettes It la c«“ential to alwat s recognize thit the function of the ^pccifH cell c m 
not W di -oented from its methods of di^ippeannce from the bloo<l and its 
pov-ihle reappearance Those considerations wall in turn influence unt kinetic 
unUtsis of (he relations between production nnd dc (ruction m the stridt ►(ate 
or during changes in the eteidt state I*as( jntcsligitors hate l>crn will iwato 
of the problems and h i\ e h id to struggle along nnd interpret a static morphologic 
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picture without benefit of modem technics tiiat permit ciuantification of the 
dj namic state 

Manj functions haie been asenbed to moncK^tes eosinophils and neutrophils 
Space will not permit discussion of these Honeicr akej problem in interpreting 
observations of the apparent behanor of i cell is whether its mature life is «pent 
exclusivelj intrava^cularlj or whether i portion of its life span is 'spent extra 
VTiscularly with recj cling through the circulating blood The red cell and the 
platelet after extru ion from the marrow normally spend the re«t of their lives 
intrav asculariy ** Evndence for the existence of storage pools is good The 
storage pool for the red cell is m the marrow The platelet also has a readily 
available marrow pool ’ and pos'ibly an intravascular storage site (reviewed bj 
Cronkite^®) There is considerable controvcrsj about the neutrophil Algire has 
repeatedly «een the neutrophil leave the circulation b> direct m vav o micro cop} 
but has nev er seen it re enter the circulation O good * postulates a large extra 
vascular pool whereas Craddock and Perrj” and Hollingsworth and Finch” “ 
con«ider the storage pools to be intramedullar} (not jet released) and mtra 
\a<'cular m areas of sluggi«h circulation The<« unre'ohed problems must be 
considered m anj ana!} sis 

\ dream of the early hematologist was the labeling of specific cells m order 
to watch their transformation and fate The onlj method until recentlj was 
staining by vital dj es or bj phagocj tosis of some visible material thus limiting 
stud} to mo\ ements of phagocj’tic cells usually bebev ed t o be mature functioning 
cells such as the neutrophil (he hiatiocj te and the monocjies f The interchange 
of cells between tissues has long been appreciated but only recently has it been 
shown that some of the circulating cells are in realitj immature cells capable of 
mitosis and possiblj retaining plunpotential capacities The evadence for this is 
threefold 

1 The establishment of cultures of cell lines from normal blood bj Ball * and 
the observ ation of mitosis in culture of human blood ** 

2 The Circulation oi cells capable of synthesizing DNA and thus destined to 
dmde again separated into five general cytologic charactenstics was an ob^erva 
tion bj Bond et al “ made possible bj a specific DNA precursor and auto¬ 
radiography 

3 Radiation protection studies prov c that there is either a single plunpotential 
cell circulating or multiple cells each capable of te establishing its own cell Ime 
in the fatally irradiated animal This has been extensivelj renewed bj Bond 
and Cronkite ** 

Theconcentration of DNiA svnthesizingcellsm theblood IS veo low' general!} 

less than 10 per cu mm m normal individuals'• However it has been shown that 
the concentration of DN \ sj'ntbesizmg cells entenng (he circulation vaa the 
1} mphatic channels is high of the order of man} per cent Labeled cells appear 
m the l}'mph wnthm minutes after the mjection of H* thynudine before the} hav e 

• The red cell in abnormal cond lions ma} leal, o it of the vascular bed into the t ssuea 
and be real «orbed via the l>Tnph3tics Under some cond lions surv val follow ng th s extra 
vascular cire 11 will be reduced * 

t There is no quest on about tbematoienond vid ng nature of ibe neutropV jl but there 
IS considerable evidence now that the h st ocjt c and monocjtic cells are rap dlv ti rn ng 
over b} cell d v on and use 
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had time to di\nde Pre'iumablj, they ire destmed to divide el«e’5vhere We ha\e 
had the opportumty also of seemg a nutotic figure m the blood of a girl -mth 
infectious mononucleosis In vitro ^tudles confirm the presence of syn¬ 
thesizing cells in the Ijonph Presumablj, a similar outpouring occurs from the 
marrov, the spleen, and, perhaps, the thymus It uould appear that the«e DNA 
synthesizing cells are either destrojed or rapidly distributed to \anoiis areas of 
the bodj to perform some function, of a\hich proliferation seems to lie an integral 
part ^^^lcther the«e cells ha\ e the capacity to perpetuate Ikemsehes or go through 
n di\asions to multiply at a «ite of need is not clear The radiation protection 
‘Studies of Suaft ct al (in reference 10) strongly imply that some of the cells can 
settle dowai, perpetuate themseUes, and produce all cell lines of the mairou 
It appears fair to say that all cell proliferation arises from mitosis E\en if it 
turns out to be correct that lymphocytes arc trapped m the marrow aud then 
transformed to other cell lines,** ’* ** ** the lymphocy tes still arc formed by 

mitosis m the lymph nodes and may e\en dmde after the postulated trapping 
in the marrow Irrespecti\ c of what the precise mechanism of production may 
be all mature cells ha\ e an organized, identifiable tissue of ongm m w hich mitosis 
is obser\ able In establishing the«e cellular factories admittedly complex upon 
obseiaation, nature has introduced certain cytologic differences that enable one 
to unfold the complex solid geometric bodies into a linear flow consisting of 
successue compartments from the earliest identifiable stage to cell death each 
behc\od to be flowing into the next in conformance wath steady state principles 
In this introductory paper, the aanous broad compartments that probably 
exist are listed, and then the first three compartments arc subdivided The«e 
compartments are 

I Pnmitue Progenitor Poof 

II Multiplication and Maturation This may have multiple steps consistmg 
of succe^vsive multiplicative mitoses 

III Afaturation and Storage 

IV Peripheral Blood 

V Extramedullary Pool 

Intrava<?cular vs nxtrav~i«cular 
n Fate—Removal 

Senescence or Damage, vnth Removal by the RES 
Functional Use 
External Loss 

In figure 2 is ahorni a flow «bcet tor the fir>t three general compartments and 
‘mbdivasions The production of cells can be studied in diverge wiys One can 
enumerate the ratio of one cytologic type to another, which his been done 
classically and is revnewed* ** The ratio of cells m mitosis can be enumor 
ated ** >* One can label cells that are m de'-oxyribonucleic acid (D\A) sy n 

thesis preparatory to mitosis The latter method is suitable for autoradiog 
raphy ** ** ’* The flow of cells from lymphatic channels, combined with book 
keeping, has long been u«ed Various labeling methods permit a study of the 
disappearance or life span of the mature cell, eg , glycine for the red cell 
For completeness the still aaluable Ashby technic* of differential agglutination 
for determination of sumv al time of transfused red cells must be included Thu®, 
the combined clasMcal and new technics now naailable make it possible to study 
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practically eveiy compartment and subdnision of the general model, providing 
that the technic itself does not disturb the normal stale. It scarcelj* needs to be em¬ 
phasized that certain stage-) of the mitotic cycle are e\fiuisitelj’ sensitiv e to ioniz¬ 
ing radiations The flow rate from one compartment to another, w ith specific ob 
vnous exceptions, could not be adequately studied prior to the development of 
permanent DXA labels suitable for autoradiography, such as radioisotopes of 
thj midme (specific DXA precursor) or other nonspecific substances w hich in part 
are incorporated into DXA Wth these labels, cells are marked from DXA sj-n- 
thesi-) to death and disposal The label is diminished b} one half at each cell div i 
Sion Thus, the time for appearance of mature cells, their subsetiuent behavior, 
and time for dilution of the label meach compartment can be measured, and from 
these measurements the flow rates can be calculated, as Bond’s later article wall 
demonstrate 

Our general model indicates the necessity for the perpetuation of a primitive 
cell tMie, an obvious fact commented on long ago by Cowdiy'^ and probablj 
well appreciated bj' C3’tologists soon after the continual production of blood 
cells was fulij recognized The full implications with vanations m the scheme 
hav e been expanded bj O-good ** The possibility of doubling dmsions bj cell* 
which have lost the capacitj to perpetuate their own cell line exists In our 
scheme (fig 2), with succes.-)i\c doublings the flow rate from one stage to another 
in compartment II, the multiplication compartment, must increase in the ratio 
I’2:4 2" The flow rate (K) i:>X/to “ A', whereiV =* number of cells in the 

compartment, to =* generation time If to is constant for each compartment, the 
ratio of identifiable cells for each compartment must be J:l:2:4 • 2“ How 


MULTIPUCATION AND MATURATION COMPARTMENTS 



pool, multiplication and division of thegeneratuecvcle inlo itg various components 
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e\er, ^ith a \nnable to there will be di\eigences from this ratio In fact, our 
data and Baserga’s data* closelj approximate the abo\e ratio, ^^hereas others 
di\ei^e “senoutslj Dnergences may also result from inexphcable losses or gams 
m cells Yoffej’s concept*® could expHm ^ins W e su&pect that most divergences 
are on the basis of technical differences and variable generation times 

Samte Mane and Leblond** have worked out a stem cell renewal •scheme for 
IjTiiphocjies in the rat thymus, involvang a flow from the reticular cell to the 
small lymphocyte, that appears compatible mth our generalized «:cheme 

The es^entnl ingredient of cell renewal is nutosts The generative cj cle consists 
of four suceessne stages, a postrmtotic rest (Ri), the penod of DNA s^mthe^is 
(D2vA), premitotic rest (Sj), and mito^ia The sum is the generation time Each 
inten al has a different mean time, the distribution of the-'C tunes is not clear 
Thus, the distribution of generation times is not established The percentage of 
DNA labeled cells determines approximately the ratio of D\A symthesis time to 
generation time (to) The percentage in mitosis determines the ratio of mitotic 
time (fif) to generation tune (I©) By successive sampUng, one can study the 
appearance of label in the mitotic figures and ultimately m mature, functioning 
cells, as has been done previously,'* ** and certain numbers can be fixed to the 
time for the vanous stages of the generative cycle A method better than simple 
bookkeeping is a kinetic study based on a simple compartment theory of steady 
state systems, as wall be presented later by Bond 

In recent months we have had (he occasion to re evaluate (he mitotic index 
of human bone marrow ■’* In the analysis of (he data it has been necessary to 
assume that the times ui each multiplying stage from the pnnutn e precursor 
through the last din«ion of a definitive cell line, are equal The mitotic index 
based on 7 normal males and 2 females is 0 93 per 1000 nucleated cells, based on 
1 minimum enumeration of 5000 cells From this, the preceding assumption and 
the ratios of v anous cell ty pes, the mitotic index for the red cell senes is estimated 
as 44 8/l(K)0 cells capable of division Similar calculations reveal an mdex of 
20 2/1000 dividing cells for the granulocytic senes The'e are very similar to 
those in Rohr” and somewhat lessthan Japa's“ which were based on 3 individuals 
and only a KKW'Cell count 

It IS feasible to observ c the appearance of label ui mitotic figures after scnal 
bone marrow aspirations In principle, as shown/* one can denvc estimates for 
the sum of premitotic rest mitotic and DA’A sj nthesii> time and their distnbu 
tion, from such ob«erv ations on a single cell population In the study of the bone 
marrow, the problem is compounded bv the presence of at least three cell popula 
tions marching through our scheme at different rates So far, our tcchmc is not 
adequate for the precise cytologic identification of the cells that are obsor\o<l in 
mitosis Perhaps v\e can later sort out and assign the labeled nutoso to the right 
cell lines 

It may be useful to make '<imc simple calculations to bracket the a\ enge 
turnover (genention time) in the marrow, based upon our own ostmintes of 
mitotic mdex in both the red coll and the gnnulocy tic senes From our mitotic 
index for the granulocytic series we can compute a hrickct for turnover time 
(generation time) of the gnmilocv (ic sene^, as follow s The generation time (to) 
on the average equals the mitotic time (tu} divided by the nutotic index (1/), 
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QTtc ~ {tu/'M) Alitotic time has been estimated to be between 0 5 and 1 5 hours 
Taking the«e as a minimum and a maximum, one can estimate 


05 

00202 


= 247 hr for tu 


= 05 hr 


- = 74 3 hr for tu = 1 5 hr 


If our mitotic index is correct, the a\erage genemtion time of the mjeloid pre 
cur«or ‘•hould be between these xalues Similar computations can be made for 
the red cell-di\iding precursors, using our lalues giicn earlier 


te = 11 2 hr for fj# = 0 5 hr 


to = 33 5 hr for tv =* 1 5 hr 

It la now possible to estimate the «i 2 e of the pob chromatophilic normoblast 
compartment Earlier work'* liad «howTi thatpol>chromatophilic normoblasts 
hbel immednteb and hence are <li\iding cells, whereas the orthochromatic 
normoblasts become labeled only b> clm^^on of its precursor the poljchroma 
tophihc normoblast Therefore there are two times as man> ortbochromats as 
poljchromats The following c<iuation expre'se' a simple «tead\ state 

2^ ^ jWjf Inumber 

to lltlK 


formed per dtj = number dving per da\ 

A ^ number of pol>chromatophilic normob)a«ts 
2 A p » number of ortbochromats 

to = generation time * 0 94 day « the midpoint of prenous range* 
A = total number of red celU in the blood of a 00 Ivg man 
» OOGO X CO X 10' X 10' X 50 X 10* = 2 07 X 10" 
tske Ide span of red cells or 120 days 
Hence, 


Ap 


A to 

ixbt 2 


207 X 10‘’ ,, 094 
120 ^2 


= 8 1 X 10'® 


polychromatophilic total or 1 3o X 10* per Kg The total erjthroid series a« 
suming an approximation to the 12 2" ratio mil be 5 23 X 10* per Kg 

which Is lerj close to Donohue s ralue of o 30 X 10* per Kg ” '* that la ba ed 
on Suit s total marrow technic** and counts of a large sample of human marrow 
So far as the neutrophil is concerned it can be stated that it takes a minimum 
of from 3G to 48 hours from H* th\nudine-Iai>eling of D\A for the Ia«t mjelocjte 
to dmde mature, and enter the blood stream as band cell- It takes from 48 to 
00 hours for the -egmented neutrophil to do the «ame thing '* ** 

Computations similar to tho«c for the red cell can be made for the granulocr tic 
senes making certain rather broad assumptions Bond s kinetic analj*!^ indicates 
an upper limit for the arerage stay m the blood of between 1 0 and 2 3 days for 

* Similar to time obtained b> based on kinetics 
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the neutrophil If ne a'j^ume thit none returns to the circulating blood the life 
span for our piirpo es is this time The midpoint of our range for generation time 
for the granuloo te based on mitotic index is 2 00 da> s and the mean of Bond s 
c timate 1 9o dajs for the upper limit of a\erige time m blood \Ksurmng a 
leukoc}te count of 7o00 per cu mm and a 60 Kg man one can estimate agun 


2 ^ ^ 

/ff u 

— number of Inst m\eIoeyfes to di\ide 
Ig — gcnention time — 20G dajs 
^ \cut = total number circulating neutrophil® 

= 7 0 X 10^ X 0 0C9 X 00 X 10* X 10* 3 1 X 10 “ 

iNfut “■ upper limit of n\erage time for neutrophils in blood = 1 9o da 3 s 


A\»ui X to 


Is u 


ol X 10*® X 206 
19i X 20 


1 6 X 10“ 


If one assume® four di^nsion-j the total number of metamjelocstos and les& 
mature cells uould be 1 02 X lO’perlvg which is con=iderabI\ smaller than the 
estimate of o 3 X 10’ per Kg of Donohue c( al ” The di cropanc\ mn^ indicate 
that the upper limit for the ai erage time m the blood bj Bond et al i® high a 
factor of fne "Makuig this correction the ai erage time of neutrophil® in the blood 
would be about 10 hours which is clo®er but ®till larger than the estimates of 
Brecher et al and of others di cu sed m reference 29 
The question of the location of the laigc ma®s of reidilj a\ailable neutrophils 
shown to exist in the data ol Craddock et al •* ” and Hollmgw orth and riiHh’’ ** 
remains to be answered The a\erage «ize of anj comp irtmcnt i-s proportionate 
to the time spent m this compartment Donohues dila'* indic itcs approximatelj 
erjual numbers of metami elocytc^ bands and segmented neutrophils m the 
marrow, totaling about 30 times the number of segmented cell? in the cireuJ iting 
Vilood If the true aaerage time spent in the blood is of the order of 10 hours 
then the transit tune m the maturation and storage compartment in the mar 
row would be of the order of 300 hours Our data*’ ‘-how a nummum trail it 
tunc of the order of about 48 hours from the labeling (f the mvcloca tc to the np 
pearaticc of labeled neutrophils in the blowl It would I c i pecuh ir distrihuti m 
tint has a minimum of 48 hours and an a\origc of 300 hour*- Inonfer to ntion 
ahze the \anous obsonation® it liccomcs nccessai^ to reiluce the probable aier 
age ®ta> in the penphcnl blood to iround 3 hours which would lx* more con 
pi«tent with mo-st of the oh er\ations on marrow sze and our estinutc of time in 
the maturation compartment 

If one accepts Bond s upper limit of 2 dajs as the a\emge vta\ m the blootl 
f ir the neutrophil and il oO good sand l*\tt s’c^-timatc of a hrgecxtra\a<!cul ir 
pool {f graniilocN tes perhaps fit m 20 to 60 times the numlxr nreulUmg oi e 
would ha\o 1 1 m\oke a tot il hfc -pan ifter extra ion from (he m irrow of frrpm 
00 to 180 thj 3\’hen one u es the loner estimate for lacnge ®fa\ m the blixxl 
of about 3 hour- the a\ erage life sp m after extrusion from the in iirow become^ 
of the onlor of 2 3 to 7 o d In either case if the ex,tra\ascul ir pool were as 
Urge os postulated one would expect to neutrophil® in the extriNascul ir 
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<T)ace and thi« is a rant\ according to Brecher *'• T\hereas marginated mtraNas- 
cubr neutrophiles are common (Mgirtf md Brecher'*) On the ba^^is of the pre¬ 
ceding and the data of Craddock etal>* ** and HolUngsviorthand Finch*' "'and 
the scarcits of extraN a«cular neutrophils one is inclined to doubt the exutence 
of an extra! a<=cular pool or if one cm ts it k probablj rather «tnall 

If one eliminates the existence of an evtniia«cular pool the readilj aiailable 
neutrophils knoini to be pre-ent somewhere can onlj be explained the exist 
ence of intromedullarj neutrophils and neutrophils marginated on the capillan 
walls generallj or in specific oigans The leukopboretic studies of Craddock et 
al " “ demand a large pool of readily available neutrophils and this must be 
accounted for between the preceding and/or a markedlj accelerated maturatioa 
and release The«e and the earlier problems discus, ed can not be re oh ed bj 
making as.sumptJOn.s followed bj eien Ic^cal calculations based onb on a few 
kiioavn reliable numbers Howeaer as a starting point for further discussions 
estimates for total neutrophil life span will be made In the e estimates the fol 
lowing obMQus assumptions are made Posstbb other hidden assumptions are 
not recognized 

1 4 stead} state 

2 Equal time in each stage of the multiplication compartment m computing 
mitotic index 

3 ho recjcling of neutrophils from an extraiascular pool or exchange with 
intra\oscular marginated leukoc^des • 

4 Build up in labeled neutrophilic cells in the peripheral blood establishes an 
upper limit for the a\ erage staj m the blood (Bond et al) 

For our purposes the total life span of the neutrophil will be designated as the 
time from the earliest «tcm cell that feeds the ueutrophil senes through multi 
phcati\cdi\i«ions maturation and storage tune circulating freelj in blood time 
marginated on capillarj nalUorextraxasculartoitsdeath Csingtbia approach 
the following number^ arc obtained (note the qunlifjmg comments) 


Stem cell generation time 

\o of and total time for mjelocjtic dmsion 

>2da}» 

> 

Last mj elocjdic diya. ion 

2 days 

Maturation and storage 

>2 dajs 

L pper limit for ay erage time in blood 

2 da}s 

Time marginated on capillaries 

7 

Time in ti-«sues 

7 


Total life span > 8 daj s 

How much greater than 8 daxs is debatable If the progression from the «tera 
cell 13 orderly like marching troops with few stragglers the denation around 
the aierage will be «mall Preyioasl} '* '* we ha\e interpreted the build up in 
percentage of labeled neutrophil* m the penpberal blood a.s indicating the dis¬ 
tribution in times from laljeling throng terminal mjelocytic dm ion matura 
tion and storage Perhaps the build up represents earl er my cSocj-tic dmsions as 

* II rrej cl ng or exchange occurred to a e gaiGcast degree one » ould expect to see the 
reappearance ol heavvl lalwled cells To date th s has not been observed ‘ • 
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A\ell \t “inj r\te, the range in times was from 2 to 8 da>s giimig an estimate of 
the \anability of the sjstem 

Another factor that has been introduced into the studj of the kinetics of 
neutrophil life •span is the prc'ence of dead cells and the time needed to di^po e 
of dead cells From Brechcr ct al ** U is quite endent that neutrophils can be 
disposed of % erj rapidly In the calculations of 0 «good,** considerable importance 
IS pi iced upon the enumeration of apparentlj dead cells Petrakis et a! haa e 
looked into the (piantification of dead cells and found that in the peripheral blood, 
smudge forms (presumably dead) m Wnght-stained smears are from 3 to 8 times 
as numerous as stained h\ mg cells, ii«ing the eosm a labilitj test Thus, he con 
dudes that smudge forms are largely the result of injurj to fragile cells and do 
not necessanb reflect the number of dead cells accurateh We hav e bad a similar 
experience wth thoracic duct lymph when comparing intact cells 1)3 phase mi 
cro«copy of wet prepantions to the large number of smudge forms on the stained 
diy smear Furthermore, we see a large number of labeled cells m the marrow 
that are so smudged that we cannot identify them withcertamtj ** ^^e suspect 
that these represent \er3 immature, possibly plunpotential cells but we cannot 
proie this point as }et 

The preceding discussion and estimates of duration of \anous stages of neu¬ 
trophil life are based on fcimilar logic the same or additional assumptions ased 
by others, and aery few solidly estabb«hcd facts Accordingly, the«e and earlier 
estimates are highly unreliable We can only hope that data wall l>e forthcoming 
that wall establish more solid facts and thus eliminate the need for so many tenu 
ous osbumptions now being u«cd b3 all intestigators 

Limitations in space mil permit nothing more than stating certain generabties 
about the U mphocyte in the blood The data of Otte'^eu 0 «good ** Hamilton ** 
CronVate et aland Gowans** arehighl3 suggestne of there being twopopu 
lations of cells whose probable life spans are measured in a few da3'» and many 
days, po«sibl3 in excess of 100 d os in man 

tie ha\e bnefl} gone over the probable floir of cells in the proliferating organs, 
but biv e not discussed how cells get out of the marrow It a fact that cells do 
get out of the marrow, and it is al'O a fact that the marrow Ins a closevl circula 
tion This and the arterial circulation arc illustrated m figure 3 One can imagme 
that !eukoc3ies crawl out and onl3 have to wait until the> are sufficientl3 
mature and get the appropriate peripheral signal However, the red cells appear 
nonmotile Fliedner et al*^ have shown that radiation induced atrophj of the 
marrow soon results in distention of the sinusoids their rupture, and jntramedul 
lar3 hemorrhage Perhaps red cells and other cells get out b) the rev erse process 
The hemopoietic islands grow until the surrounding sinusoidal endothelium breaks, 
and then the pulsating effect of the spiral arterv milLs the cells into the larger 
smusoids where the} are swept into the general circulation and maxed In addi 
tion Fliedner sunpublished observations on marrow stnictiire stronglj indicafe 
the presence of sphincter like structures that ma3 regulate the flow of bloovl 
through the smallest <inu«oid-? thus introducing local changes in pH 0x3 gen ten 
Sion, and metabolites that maj influence ngnificantl} cell muUiplic ition and 
maturation 
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Fig 3 —Injection technic for demonstrating the closed circulation of the bone marroir 
A shoivs the spiral artery nith plastic injection B shoHS the arterial side «ith filling of the 
arterial capillaries and partial filling of sinusoids C ehons more complete filling extending 
through sinusoidal s] stem into the central venous sinus B and C India ink injection (from 
Fliedner T M ) 

Onginally, I had intended to try and summanze all of the data on the %anous 
factors discussed in the orderly flow of hemopoietic cell proliferation This turns 
out to be an impossible task, and all of the allotted spice would hn\e been taken 
up by references alone I «uspect that the proponents of each concept that I have 
Ignored will an^e and defend their ideas with facts 

SoMvunv 

1 Cello capable of mitosis are circulating, whether they are plunpotentnl or 
directed along one line is not clear 

2 The«e cells are being distributed to the bod> at large The lo'tscs from the 
lymph nodes will complicate any kinetic analysts of labeling in the nodes Sim 
jiarly, wherever thej may go a kinetic analy'Jis will demonstrate inexplicable 
gains m numbers 

3 The function and fate of a cell cannot be dissociated from a studj of the 
total life span and a kinetic analysis of cell proliferation 

4 The flow echeme presented for cell proliferation is probably an oversimpli 
fication and is intended only as a starting point for discussion and a general 
orientation at the lev el of microscopic anatomy 

5 Published estimates on the various stages of the neutrophil life cycle are 
suspect bccau'ie of the numerous unproved a'sumptions that are used in the cal 
culations 

0 Marrow circulation is closed, perhaps release from the marrow is a simple 
mechanical affair 
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Discussion 


N B Kcemck Dr Cronkite mtpos 
sible that there mat be substantial vann 
tions m the mtrata'cular life «p3n of the 
granulocvte Wcrcpcatcrllt haieolwned 


indutduah with marrow hiTxiplasLi rec 
ondary to mten. it e radiation w hose penph 
eral blood count* =pontaneou li returned 
to normal 01 er a period of weeks or month 
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eicn tbouRli the ntnmw reniaia* *v\prplv 
InTWpla'tic How woukl thi^ lx* acrom 
pitched if ont hail a constant release and 
sur\n\-al’ 

E P CnoNKiTt Tim could In? much 
Iwttcr «li>cus.=cd after Dr Bond prt^nU 
the evadenee for an upper limit of tn o dav« 
for the mean «ojoum m the blood It might 
Ik? appropriate to mention at this time that 
if there i» a long intrai oscular life or recir 
culation then labeled cells would be found 
for a longer pt nod of tunc than isoWr\e<l 

II M Patt Our onginal ('stimate of a 
\er> large lochangeable eotraravoilar pool 
of g^3nuloe^'tc3 wxs an attempt to rr«ohe 
the apparent ineonsii=tpni\ Ixtween the 
number of circulating cells and the long 
time «pan from DNA P** «tudie« ‘ W c ha\e 
re-exammed this general problem and haw 
concludctl from our own data for the dog 
that the tune spent in blool t* a matter of 
hours rather tlian da\s On tlij^ basj« it 
would appear tliat there are onl\ a feic 
tunes as lnan^ cells ixtra or intrav-a-HU 
larh as are ifeteclablo in blood bi too 
\entional methods, thi- of cour«o nfirs 
onU to the number of exchangeable ccU« 
m tlic peripheral pool 

r P tiiovKiTF Do %ou still consider 
the life span in the peripheral blooil to lx* 
thrtrc hours’ Is this basoil on stulie* with 
fluorcMxnt labeling’ 

II M Ptrr Oufo«timate«oftunc«pcnt 
in blood ore not ba««l on a fluorc'icnt 
technic, but rather on the du appearance of 
cells labeled in \no with tnliatod thxTni 
dine As we pointed out list «pnng * it is 
pos. ible to approach the actual mean turn 
spent in bloml following the di^apixar 
ance of rtlatiitlj homogeneous clas«o» of 
lalxlcil ctll« as rtTMlcii b\ gram count 
T1 il> proccilure sharpens the distinction 
liclwccn the flux of iilx*lrd oils entering 
an f leaving t!ic lilooif In this wav, wcc'ti 
matol a lialf di<sipixaranoe tunc of 15 
hours which we now lieluve mav bt as 
little as MX hour« * 

If tlurc ts a mean time in n»n of two 
dav** in thi blood and fiiv dai"* m tJx* 
marrow as indicated b% Dr CninVite tUn 
tl e di In! ution of celU Ixtwcen bloml and 
m'lrTfiw slioul I fx in this proportx n Ilaxe 
you evarmnnl vour ronifNitatun-s on this 
Kvi-’ 

I P CnoNKm I thinh we unhrt**ti 
mAtial the actual nutnlx r m the t< tal llooil 


Ixil I still do not feel Hint then? can lx* a 
significant extrav-ascular pool Tlicre max 
be manx cells margmated in'idc the cirru 
htion a» man\ people have «ugge^lwl 
Such cells would not be ditottofl with a 
blood volume and IcuVocvdc count 

L D Hamilton \\ould Dr Cronhite 
estimate tlic total numtxr of poUinortiho- 
nuclcar Icukoci tes (PMV) in the IxkB and 
in the marrow, and their dadr production’ 
\our elegant data ehould enahli vou to 
calculate the overall “urvnal time of 
mveloxl tissue the time «iK*nt in the bone- 
marrow compartment and in the circulation 
aiwl using the^ data and vour mitotic 
index v*oti should lie able to calculate the 
total PMN < in the bodv Be could then 
compare this total with the intravascular 
numlxr to get «omc idea of the relative 
eije of the extmvaseular pool 

I P CnovKfrc To do this one mu«t 
make an as-nimption as to the number of 
doubling div i loas occurring lictwocn pnmi 
tire progemtor evil and rnttamvclocvle 
The last diva ion u the onlv one «ubjeit to 
diiTct measunments of time in the com 
imrtmcnt rule of maturation and lime for 
appearance in the blood W itb the«e vatlue- 
It i» poxible to estimate a minimum «ire 
for the last mvcloevte compartment of 
1 6 X 10'* If tlicrr an four divisions prior 
to that then it i» simple arithmetic to aid 
them up However we do not know Ixnr 
manv divv ions tl«re actuallv nn nor the 
tune for division obvioudj tic fin of the 
comi>artmml m tiit «tea Ij state vanes 
with the time in the compartment I don t 
think that we liave an a iwpiate amount of 
ilata at thi- time to pve all tie numlxrs 
Dr HanuIUm requests, but tho^ numtxp' 
that are availabh are pn~t nt«i m IV e teat 
of mv paper together with the implied 
assumptions 

N B I-VTnt-TT Tlivmuliiie studies of 
tlie life s|ian of the gmnulorvb in tlie 
penphcTTiI lloocl ma/h bv Dr® ^oPev, 
Reinlianlt an«l mv *< If on guinea pigs ognx 
must favoral Iv with tf ix- reported bv Dr 
CnKikite/os/naD tieonh niajordiiT.rensr 
txing a fhghtlv «*arlicr appearance of 
lalxlixl granulocvtcs in the j* npheral 
Hood 

J M Tl orrrr Dr Crr nkile he w k ng 
dovouthink Uiematufa ncutrojl il nmains 
in the mamiw’ Our guinea j g ilata give a 
total mamw jiopulalion rl wgmcnpTl 
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neutrophils of 9 X 10* coinpare<Ilo4 X Iff 
m the penpheral bloorj Hot\ do the«c 
figures compare nith a our calculations^ 

E P CnONMTE ^ot on the ba^is of 
calculation but from direct observation the 
flon of thjinidine labeled cells through the 
marron into the peripheral blood takes a 
minimum of two dav s This time js the sum 
of the times to complete DNA sjmthcsis 
Iiostsimthetic rest mitotic time mafura 
tion and storage It is tl c minimum time 
4s the cells build up in the peripheral 
blood one obtains an estimate of the dis¬ 
tribution of the«e times It appears that 
the range of the abov e times is tn o to eight 
dav s with an e«tinjated av erage time after 
the laot mvelocjie dm«ion of approxi 
raatelj five daj's If the«e observations held 
true for the guinea pig then from Dr 
4 offej s figures of a marrow population 22 
times that of the peripheral blood one 
would calculate a pcnplieral blood life 
span of about six hour® 

G BPEaiER Dr Cronkite arejourcom 
putations of total white cell tumov er ba«ed 
as are Dr 0 good s on the life epao of the 
ervthroev tc’ 

E P Cronkite It is based on a life 
span of 120 daxT for the enihroevte the 
total number of circulating mature crj-th 
rocTtes and the mitotic index The mean 
time obtained from the«e considerations is 
approximatelv etiual to that nhich Dr 
Bond calculated from the kinetic analj'sis 
1 don t think there are anj as-cumptions up 
to that pomt The a «umptton« are that 
the time in the v snous compartnicots are 
equal i.e , there is a ratio of 1 2 4 2" * If 
that assumption vs incorrect figures for 
total production are ccrtainU incorrect 

C Dreciier If these calculations arc 
based on the red cell life span then 1 think 
one can ®iropbfv the problem even further 
If tl e number of enThroid mitoses is equal 
to the number of mvcloid mitoses and one 
accepts vour otlier assumption—nameir 
that for eveo mito«is vou evcntuallj get 
a cell in the peripheral blood—total red 
cell procliietioD mu«t equal nhite cell 
production From 3 our fir«t formula tie life 
«pan of the white cell an I the red cdl must 
Vr? directh proportional to the total number 
m the peripheral blood From the known 
relational ip of 1 000 tunes as manv red 
cells as white cell an I the 12&d3N We 
span of red celh one gets a life span for 


the white cells of 120/1000 davs which is 
one eighth of a dav or three hours 

J Avibres Dr Cronkite referred to 
several expenments indicating tliat granu 
1003^68 ma3 leav e the blood stream but do 
not re enter have done «ome tran'i] 
lumination studies on In mg lungs II e find 
some large cells which seem to crawl out 
from capillaries crawl on top of alveoli at 
tunes enter alveoli \Ieal«ohave«eenthe=e 
cells re-enter the capillaries The«e cell* 
are hard to idcntif3 and I think thev are 
come sort of raacropliage rather than gran 
uloc3tes Working with large numbers of 
labeled granulocvtes we see the«c cells 
migrate into the alveoli However stimuli 
which will cause pouring out of granulo- 
cvics from the pulmonary reservoir (eg 
cpinephnne infection) will not deplete the 
number of labeled cells m the alv eoli proper 
Ilencc we feel that this release comes from 
cells inarpnated in the pulmonarv capi]lar3 
bed and not from tho«e w hich hav e alreadv 
migrated into the alveoli The lattera»cend 
the tracheobronchial tree and then are 
swallowed and removed b5 the grstrom 
testinal tract We are etill puzslcd how 
ever bv the identitv of tho-e cells which 
seem to leave and re-enter and cuiTentl3 
are tmng to identif3 them 

E E 0-GoOD I should like to emphasue 
Dr Brethers point If vou postulate the 
number of cells m the marrow and the rate 
of cell division as Dr Cronkite has 50U 
must have cither a vcr3 short life span ora 
large exfravascular pool or a pool on the 
wall of the capillarv If there is no extra 
vascular pool how docs Dr Cronkite ex 
plain the observations of Dr Andreasen* 
that there ore large nuniljers of Ivmpho- 
evtes in such nonv oscular tissue as cpi 
demus' 

E P Cronkite I dont see how Dr 
Atulrrasen s observation^ on the Ivmpho- 
C3'te3 in the epithelium of the «km and the 
gastrointestinal tract bear on the neutro¬ 
phil 

E E OsGOOD Of course it doe«n t relate 
to the neutrophil but it does relate to the 
fact that there arc extrav oscular extra 
Hood forming tissue pools of hemic cell* 
So al«o w ith the neutrophil the number of 
cells must be dircctlv proportional to the 
lime spent in the compartment after the 
last divT_ion Most of us would agree that 
the segmented neutrophil doe®nt divide 
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oihI tlic OMclence la tliat the life epan is 
much longer than thrci liour® As Dr 
Brechcr pointed out, the life span would 
ha\ c to lie \ erj eliort to get the ^ ahies a ou 
present 

C G Craddock I fad to <4ee the great 
conflict The data referred to ba Dr Am 
bms data from our group and perlups 
others, indicate that the buli. of grinuto- 
utts do not re enter the circulation once 
the cello go into the tissues However, there 
must be a large cxtravascular mass of gran 
ulocjtes How long these cells survive ftfUr 
entering various tissues la umloubtedlj 
quite variable e don t know the life span 
of cells after thej Icavethe blood However, 

1 think that there certainlj must bo a vtrj 
large extravascular mass winch maj resolve 
the apparent conflict 

L D Hamilton In the peripheral blood 
of a 70 Kg man (7 5 per cent blood volume 
PMV ■.4 5 X 10* cu mm) vou have 

2 3 X 10*“ poljmorphonuclcar leukoc>tes 
at am one time Assuming a red cell sur 
vival of 120 dajs and u'lng Jnpas figures* 
for the mitotic index (3 3 per cent) for lioth 
crj throid and mveloid eenes (iod a milotic 
distriliution between the rwcIokI and 
crjthoid senes 45 53) ervthrocjtcprcHluc 
tion - 10 X 10* cells per Iiour and granu 
Ioc>tc production « S2 X 10“ cells per 
hour From this we calculate the total 
number of mjcloid cells in marrow is 
615 X 10'* and tlie dailv production of 
FMN 8 approximatelv 2 X 10" \ou can 
see that these figures implj large numlicrs 
of cxtnvascular neutrophils either in the 
marrow or elsewhere as a result of large 
davlj production its. If iOX the penphcral 
count However, if manj cells matured 
w ithout cell diva«ion or if manj daughter 
cells prtxluced at rcJl dmsion failed to 
mature and died, these calculations could 
mislead one 

E F Cronkite M e did not use Jap4 s 
figures» M e u.-ed our ow n for mitotic index 
of the dividing gmnuloc^'tic «cries‘ Our 
figiires arc five times as great as Japas, 
which arc ha«cfl on total nuclo-ited fell 
count This would moilifj the number of 
cells produced bj approximatelv a factor of 
fivT The scheme winch I liave proposal 
mav not bo correct However, I think that 
in making compuhitions thire should be 
re-isonablv nliabh oWrvations aivl as 
sumptions I shoulil like to emphasize tliat 


if one calculates the wav wc liavo been dis 
cus ingani) tomes out with variable results, 
the prolubilitv is tliat the assumptions arc 
m error All too friqucntij, however, a-s 
■sumptions arc mule that we do not spetifv 
as assumptions, and I think it worthwhile 
tliat tJiC't be clearlj definiYl I would like 
to re-cmpha-'iZL tliat the size of the div iding 
neutrophil compartment as wc have com 
putod it, IS not dependent on real cel! life 
•span but rather on the upper limit of the 
average time the neiitroplul spinds in the 
penpheral blood as shown bv Bond Mon 
careful stud} of Bond s paper, a» well as of 
mv owTi should elanfv tins jioint 

D L Im-inc M ould Dr Cronkite com 
nient on how recirculation and/or rciitihza 
tion of masses of old cells if it occurs, could 
affect fiis cafeufations 

E P Cronkite 1 don t know whether 
reutiljzation takes place or not I am sure 
that if there is reutdization anv eompiitri 
tion basetl on gram eountfi would be pro¬ 
portionate to the amount of labeled ma 
tcnal that is reutilized and the pool m 
which It IS diluted hether this would bi, 
significant or not I don t know 

There is no po itive evidence that eelU 
do not recirculate nor is there, from the 
labeling obsirvations m man anv definite 
evidincethat tluv do recirculate Meliive 
observed maitrophils with gram counts up 
to CO that emcruetl bctvvoin tin second and 
fourth dav Thereafter, the mean gram 
count and distribution of gnm lounts 
rapullv fell There was no rnpjx^rance of 
the heavil} labileil ttll- It mav be that 
thev were dilutcxl in such a large pool that 
it w IS impossiliJc to find them but there is 
no direct evidence for the reiircuUtion of 
granulacj tes 

r Stohluan, Jr Could jou gite us an 
estimate for the error of the mitotic index* 
Also IS there hkelv to lx an mlMvascuIar 
pool in the SI use that there w ill lie are us of 
the vascular sj'stcm cut off fmm the gen 
cral emulation when white cefh might 
be sequesteml? 

h F CRONKm The mitotic index is a 
higbh nliable prooxliin vrlien bow! on a 
miuimum count of 5 000 nuelcatixl cdU in 
the marrow The statistics an prrM?nt<xl m 
a pajier bv Ilieilncr et al * 

lam quite iniR that there are margmated 
leukoevtfs m the ptripheral blooJ and 
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there ina\ be as maoj as three to four times 
tho^ethatareactnel} circulating 
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Observalions on Fioliferation and Death of Lyniphocjlcs 

B\j Erik A^dre.\sen 

E stimations of the mitotic actmty m n certain organ or ti'=«ue i» often de 
‘'irable The cla'^sic technic of counting mitotic figures m the micro copic 
sections hoirever generallj provides unreliable data for the mitotic ritC''in the 
organ under study In our oa\Ti studies on the mitotic actmtj of the dorsd epi 
dermis of mice the range of the mitotic rates m the same animal w as \ erj m irked 
often amounting to ‘^vcral hundred per cent An irregular and apparent!} ca 
pncious di‘5tnbution of duading cells nas al«o obscr\ed in ‘•ections of Ijmphoid 
ti««ue Substantial \anation \\as«ecn mthin the same tissue a-s %\cU as m Ijanpii 
Old tLssue obtained from different areas Actuall} this phenomenon is not amaz 
mg, as s\e know that the tissues on the outer and inner surfaces of the liod} ire 
exposed to different often strictlj localized influences In the case of the inner 
organs for example it is well knowai that normallj at anj gnen moment onl\ 
parts of the organ are functioning In consequence calculations of nutotic actu 
ties should be performed bj methods which yield data represent itiv e for the 
entire organ m question To this end weha\ede\a«ed a method for determination 
of the mitotic nctnit> in hematopoietic and other tissues The mitotic figures 
are counted m suspensions of cell nuclei prepared from the whole organ The 
counting includes all phases of mitosis and differential counting of the mitotic 
phases 15 possible * * This is important asscaonJ factors maj di«plsy a ‘■elective 
effect on anj phase of the mitotic cjcle 
It IS well established that de'Oxv nbomiclcic acid forms the mam constituent 
of the nucleus and that formation of the different parts of the cell nucleus 
rcciuires DNA sj nthesis For many years studies lm\ c been earned out to chi 
cidate which substances regulate biosynthesis of the vanous nucleoprotems 
Ilesults of prev lous studies led to the conclusion that the cells in tissue cultures 
obtain their nitrogen from proteoses "More recent studio however hive 
shown that vanous ammo acid-s also have a definite stimulating growth effect 
on cells cultivated in dial}zedmatenal In Copenhagen where studies of this 
kind are going on it has been found b} Kielcr^ t]i it glutamic and aspartic acid 
arginine histidine and Ij «Tite hat e a coiisidcraWe etmuhtms effect on ec/l dit i 
Sinn methionine and tOTtophane have a moiJerate promoting effect on the 
mitotic action while cystine and prohiic arc without an} definite effect 11c ides 
it was found thvt argimnc lengthens the durition of the prophast while Ivsmc 
has ju«t the opposite effect And the stimulation of the mitotic ictnitv eaii-ed 
b} a-spirtic acid md bv tryTitophanc is followoil by a disturbance of the cellular 
development from metaphi«c to ana telophase It was also ot) erved that the 
nurc pre once of the nccc'vsary ammo icids is not enough to secure nonn il mi 
tosis The rel itive concentrations of the \ mous ammo acids arc c<|U illv iiiipor 
tant 

In my own studies on the mitotic activatj in the vanous Jvmphoid onruis I 
hav e been surpn cd to ob-orv c that under cert un conditions the K inphoid tis tic 

Ironi Mfalicm«k Anatomi<k Irwtiliit Kot en! wns Ui ivcmtct Dontnirk 
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w ^s chiractcnzcd high mitotic rate's tvhercns uader other conditions the <!ame 
ti's'ue wis marked bj jU't the opposite proce'ss nnmelj degeneration of Ijmpho 
cjtes combined a\ith plngocjtotic actmtj earned out bj the reticulum Great 
numbers of mitotic figures m the cortex of the thjmus are ob«er\ed normal!} 
but under the influence of “stress and raetabobc disturbances of % anous kinds the 
lerj same ti«sue is dominated b\ phagocytic activity In the cortex of the tb\ 
mus the balance between cell dmsion or D\A syaithe^is and cell destruction or 
DN A decomposition ea«ily is displaced m fav or of one of the e tw o po'isibihties 
A high mitotic actmty is ob erved m the lymph nodes especially m the sec 
ondary nodules of the cortex under certain conditions however these nodules 
are transformed into tyTiical centers of phagocytosis and at times they show 
indications of both mitotic actmty and phagocytosis Mitotic figures may be 
seen m the medulla of the Ivmph nodes the spleen and in diffuse h mphoid tis ue® 
but pv knotic lymphocytes and debns appear much more often Lndoubtedlv a 
significant fraction of the enormous number of lymphocytes produced m the 
body IS disposed of in the same Ijanphoid tL«sues where it generates 
It should also be mentioned that lymphocytes are alwavs present m the nor 
mal epithelial covenng of the body In the epidermis of the mouse I found’ the 
ratio of lymphocytes to epithelial nuclei varied from 0 to 3 8 per cent Andrew 
and Andrew-* found in man that the lymphocytes constitute from 1 to 4 per cent 
of the cells of the stratum germtnatnum In the intestinal epithelium this, ratio 
!'»still higher A high percentage of the Iv mphocy tos m the epidermis and m the 
intestinal epithelium ls degenerating In addition during the processes of hyTier 
plasm following cutaneous application of solutions of carcinogenic substances 
1 hav c ob«er\ cd an increase m the number of ly mphocy tes m the dermis and the 
epidermis may be infiltrated bv a multitude of lymphocytes The ultimate fate 
of all epithelial lymphocytes «ecms to be degeneration 
Lnfortunateli adequate quantitatiic data of the total body pool of lympho 
cytes are not available but it can be established that a high percentage of all 
lymphocytes appear to be m a state of degeneration Since the two processes of 
proliferation and destruction of lymphocytes are found in all lymphoid tissues 
and dying lymphocy-tcs are present in many types of cellular proliferation the 
question occurs as to whether lymphocyte segments or split products could be 
u ed by the divadmg cells for the ^-nthcsis of DNA A reutilization hv-pothesis 
of this kind IS supported by Hamilton s studies* • with isotopic tracers Histo 
logic evadonce is mentioned m this, report Trowell* demonstrated in m v itro ex 
penments that the «amc phagocy tic cells which normally eat up dead Iv mpho 
cytes may themselves differentiate into large lymphocytes 
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Discu«<%ion 


J Amurus T)r Antlm«!cn is it not a 
fact that iou can hue purt crlh grown m 
«cnii«\-ntlietic mwlia w ithoiit a Ij mphor\ tc 
ant irhcre m the vjciniti * Do tou 'iiggest 
that UTTtphocj tc* must Ik* prc'cnt if other 
cell*, arc to undergo If ^o, do tou 

"Ugge^t that the It'mplioetic' vontnlmte 
roaih maflo D\A, so that the whole theory 
of D\A duplication therein fall^ to the 
ground’ I know thi** ins tome up m eon 
iiection tilth the riiitiliz ition of ntirluc 
nciil tcmphtpfl, and et i ii tlu re it is op<«to 
douht, but if one is «(.nou.«lt nnmtaimng 
fh« «.*- a grners} fuactwn o/ the Ijmpho 
cjics it does rit-e some ratlu r fund tmcntal 
questions 

I tsoRM^fs { don’t dunk ftmplio 


rttes an ncft'^-arj for ciJJ ilnisjon hut 
tert often when tou sc-c cell ditj«!on tou 
al'O see ItTnpfiocj'tP^ 

C P I FULosD TJip nJeos? of nuclrir 
fragments from ptknotic 1> mphor}-te« (iw 
an adjutant to cell ditision) luis Ixsii sud 
to occur m dn-mu'i Howptcr jn nt« that 
art k<pl under normal conditions and friHi 
from ptkno^ are rart in the 

thvmus, in '•jute of the tert actitc cell 
diM«ion On the other hand, Ivmjiliocttc^ 
nre not found in tnant an-w with luji mi 
tolic actit it>, «uch os grow ing hair follicl('«, 
lAthrous region of stomnth mucosa gmim 
fosa of grow mg onnan foffiefc'* Hi mi / 
do wot belicti tint then u int rehfion 
lictwwn mitotic actititt and the pfesime 
of itmpitocj les 
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Fig 3—(•V) Frjthroblastic »^lel reticular cell surrounded ti\ erjthrobIa.»t The 
retic liar cell packed with ferruginous granule^ i« situated jn the center of the enthro 
blasts which completeli s irto ind it 

(B) Enlargement of the preeed ng figure {3\) penetration bi the ferritin molecules 
Iron in the iwtochondrin Onecaneeelhe ferntitv moleculesofthe reticular cell penetrating 
the cjtoplasm of tl e erjihroblast (b> ropheocito 15) and the mitochondna 



Fig 4—Erythroblastic islet under lower porer magnification in the electron micro 
scope 

greatly from thiN inicropmQC>to<ns anti compn es the following phases (fig« 
3 4 o-"7) 

1 The molecules mitiallj adhere to the plasmatic membrane of the cell and 
co%er a relatnely lai^e area but alnaj's of a'submicroecopic order 

2 This area ts then «eemingly drawn in by the cytoplasm and forms an ini ag 
Illation of the order of 500 A on the whole not Nery deep 

3 By <^iueezing together the two edge^ the my agination becomes a ncuole 
whose membrane retains on Us interior'imface the particles that were attached 
to the plasmatic membrane prior to in\agiiiation 



EmTUBOPOIESIS, AS SEEN WITH THE ELECTRON SUCROsCOPE 



liQ 5— ^TNpjcal cxnraple of ropheocjtosu The granule? adhering to the membrane are 
Slicked into a caMt) tch do es up imxnediatelv afteraard 

4 At a Interstage the membrane of then nciiolegraduaJh tantshes jtsljfimd 
content js absorbed nnd dL^appeaiv the molecules ore thu* imprisoned mthin 
the fundimentnl cjioplasmic mntn^ Tliese molecule^ ore found solelj m the 
mfenor portion ot the \ ncuole formed in this manner The upper section formwl 
hj the union of the two «ides of thispnmitne m\ agination remains bare This 
aspect IS 1 erj charictenatic The process thus differs from that of pinoci'to'i's m 
Mhich an absorption of liquid i« realized and the cell appears to dniik In 
defining the process dcsinhed aboie Poheard and Besn**' Iia\e proposed the 
terra ‘ropheocj to^is 

The phenomenon of ropheoci to*-ts is constant iii the iionnil state and in «ci 
eral diseases There is ab ohjteI> no doubt that it exists \eierthe!es. it is not 
} et knorni whether all the iron needed for Ihe formation of hemoglobin is intro 
ducetl In this mean*! or whether a ccrtim proportion penetrates the cells bj a 
tfrrect ruirfe, emanating from the pfasitia fraasftmn tforeoaer it raa^ be as 
sumed that sea eral mechanisms exist simuUancou«h 

1 Iron ongiiiating from the destruction of aged red celU proceeds directlj to 
the erjthroblasts which form the erathroWasticLlct 

2 Transfernn oames iron to the reticular ccIK of the bone marrow where it is 
fransformecl into femtm ind distnbiitcd to the i let erjthroblL-ts 

3 A proportion of iron i> deliaercd to the eiathroblasts bj the (rm.fernn 
Fcaeral expenments iij aitro liaae shown that erj throblasts ire able to extract 
iron from trail femn ’ 

3 Fate ot the Eu\ti!bobl.xstic Fr iinmN, Pi on xbli 
Rolf of the "Mitociioniirh. 

It has liecn cstabh-hed that, imraedinteU followang penetration into normal 
crjihroblasts femtm molecules frequently become concentrated into clii'-ters of 
\ irjang sizes (fig. G) Itismiknoitn bx what mechanism therein ters are formed 
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Fio 6 —Clusters of fernt n granules in an er%-throbla.«t In each of the l«ro m ets one 
can perfectly dslingut h the ultrastruciure of the fernl n molecule composed of four 
ferrugino i« n clei Each one has a d smeter of 15 A 

In certain ca«es thet maj attain a diameter of Oo Popheocjto«i in fact 
gi\M n e onginnllj to small aacuoles contnming little more than ten molecules 
per section 

The«e large clusters are \er> oa ilj «ecn in the optical microscope and the 
pre'^nce of iron maj be demonstrated b\ Peris reaction Thej are called «ider 
obhsts The electron microscope ha* shorni that all erj throblasts are «iden>- 
blasts A«ing the optical niicroMiopc about 30 per cent of ei^ throblasts appear 
to be siderobla ts because onl> those cell* crith clusters greater than 0^ a m 
diameter are counted 

I\e do not ha\e a clear understanding of the ultimate fate of either the femtin 
granulations or the e chi ters m the bone mairon of normal individuals AU that 
one can see the gradual disappearance of the femtm molecule a- cell matura 
tion progresses and hemoglobin appears However a phenomeon frequentlj en 
countered m certain pathol^c states is the proof that femtin is preH?nt in the 
interior of the mitochondria The importance of mitoebondna in the storage of 
cnzvTTie* b well known On the other band Uimington'* has recentlv drawn at 
tention to the fact that a su«pen«ion of liver mitochondna permits certain stages 
m hemoglobin bio } nthe«is to occur m vatro The v erv fact that femtin mito- 
chondna are encountered is an aigument m favor of their role in the «enes of 
reactions which commencing with femtin eventuallv lead to the incorporation 
of won in the hemoglobin molecule In addition femtin undergoes a singular 
Iran formation inside the mitochondria about which we wall speak later IVben 
the red cell matures at the reticulocvdcsta^ one sees the mitochondria burst 
diffusing their contents in the surrounding medium after which thej disappear 
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Ft<3 ”— As[<’ct of ferntto An<l ferniginou^ fnt«cllej in the mitochondna Top one Mn 
see granules of d 'perse I ferritin I etvkeen the crests of the mitochondria the«c psrticles 
fired fficiiU to«ee owing to a mixture of fcrnlm with fcmiginoii* micelles 

4 Presence of Ferritin in the Red Cells of the 
Hypochromic Hypersidfremic \NEAtL\s 
In thahN emia major the quantitj of iron pre«ent m the hone m trroM shons 
n definite increa'«c In the reticulir cells, hemosidcnn l®; often in the m'itallino 
state in the form of large deposits The erj tbroblaMs are packed tntb iron either 
m a dispersed form or as fcrntin clusters In nearly all polvchronutoplulic and 
acidophilic erj throbla«ts Icrntin molecules can be seen in the mitrochondna 
(fig 7) Their mode of penetration and concentration here is tvs Yet unknown 
Inside the mitochondria one can stud> the transformation of the ferntin mole 
culcs The> lo e their charactenstic structure and assume a powdery aspect for 
whichweha\cpropo ed the mme fernigitioii'? micelles' (fig 7) Tiie mitochon 
dria sw ell and finally burst libcratuig the ferruginous micelles into the cy topi isni 
J» reticuioc) tC' e/wJ ei eu m er) throe} tes, the amount of kemogfehw formed re 
mams low in companson to normal \ alucs It seems that the iron may be so oIh 
structed that it cannot be incorporated in the heinoglohm molecule 

In addition to the thalassemias other hypochromic h\ porsidercmic inemias 
have been di'itinguished HeiImc\ers«idcroaclire»tic memia’thect cofCaroli 
and Col! * One can al o clarify under this heading aiiemi i resulting from certain 
intoMcationb such as satunu«m* (lead posiomng) Inthiscise the electron mi 
croscope gi\ e.s a picture do cly resembling that found in tli ilassemia m ijor The 
era throcy tes> mi\ contain so little hemoglobin that in the deetron microscope 
it becomes difficult to distinguish a red cell On the other hind the number of 
ferntin molecule', either «■> clusters or di<^>er»cil is very high 

It IS import int to note that the bone m irrow examitnlion (f pitients suITcnng 
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from simple hemochromatosis (without hypochromic anemia) shows a ^eri dif 
ferent picture The accumulation of hemosidenn in the retieuhr cells is again 
encountered but the succeeding eis'throblasts are perfectly normal Fernlin is 
present i\\ normal amounts m the erj throblasts and disappears w hen the en, th 
rocjtes mature In simple hemochromatosis the oterloading of red cells with 
femtm is nonevi^-tent 


SuMUARV 

1 Reticular cells charged mth femtm and hemosidenn are situated at the 
center of erjthroblastic islets This femtm may be den^ed directlj from the 
phagoc> tosia of aged red cells, or ma> be formed from iron obtained from plasma 
transfemn 

2 By ropheocj to«is (a mechanism related to pinoc>tosis) these molecules 
enter the erj throblasts 

3 In all normal cr\ throblasts iron is picsent in the form of femtm It maj 
be found either in the dispersed state or in the form of clusters ^\Tien of sufficient 
size these clusters arc \asible in the optical microscope the^ are the granules of 
the siderocytes 

4 Normally iron is rarely found m the mitochondna ^\^lcn present it is m 
the form of femtm granules or as ferruginous micelles 

5 In thalassemia iron accumulates m great amounts in the erj throblasts and 
IS Caen found in the erjthrociles either as ferntin clusters or m the dispersed 
form Occasional!} it is prc«ent in large quantities in the mitochondna in the 
form of ferruginous micelles In disorders of hemoglobin synthesis this unused 
iron accumulates m the hypochrotmc eiythrocytes 

6 In other hjpochromic h}persideremic anemias in which fetal hemoglobin 
IS not found (sidero achrestic anemia h}persideremic anemia ‘saturnism), sim 
liar obseraations were made 

7 It is probable that normal!} iron metabolism takes place m the mitochon 
dna 
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Discii<ision 


L G liAJTnA Dr Be^sis, arc \ou sure 
of the direction in winch the phenomenon 
of pmocy-toeis goes? Does the iron go from 
the reticular cells to the erjihroWast or 
ance \er^? \te ha\o some e\idcn«rc that 
even after 10 to 15 minutes of contact mth 
a solution of iron all of the normoblasts 
Will contain a large amount of iron but at 
that tune verj fen of the reticular eeUs 
Will contain iron I would submit that the 
procpsi of iron uptake a direct function 
of the cells taking iron from the «urround 
mg medium without mtcrfercnce bj re¬ 
ticular cells and it is possible tliat the 
phenomenon which > ou observ e is the dep 
osition of iron from degenerating eo'thro 
blasts into reticular cell*, cell degeneration 
being a significant fsetor m the marrow 
"M Besvis Of course we cannot follow 
the phenomenon with electron microscopy 
But the same is true in direct smeirs of 
bone marrow "kou cannot follow the 
maturation of an erytliroblast into an 
erythrocyde However, no one ever suggests 
tliat an erjthrocj'te matures mto an irjth 
roblast There arc many arguments against 
that The same is true for pmocvtrais Re 
hav e many reasons to believ e that iron goes 
from the rtticular cell** into the crythro- 
blasts and not the reverse At tlie moment 
1 behove that the direction is unq«e<tion 
able It is from the reticuhr cell to the 
cry throblast There is some ividencc that 
some* si lerocytcs m disease can k><« Uic 
•udtrocy tie granulation m the blood stream 
hut this IS another question 

F ''TOHLiL'iN Jr Dr do v€w 

rnvi«ion tliat the reticular cell obtains iron 


directly from transfemn and that tlie iron 
13 then transferred to the crvthroblnst 
Alight not iron go to the nucleated red cell 
directly, and the reticuhr cell dome *ome 
of its iron from pbagoevto'w of nucleated 
cells dying m tlie marrow ? 

M Bevus There are two ways bv which 
iron enters the erythroblast—the mechanism 
that 1 demonstrated and another iovolwng 
transfemn Iron given intrivenoush is 
bound to Innsfemn Ate dont know 
whether it goes mto the reticular cell (the 
iiur«ing cell) where it is comirtcd to 
fvmtm and then transferred to the ervih 
roblast or whether it goes dirictly mto the 
erythroblast It is evident tint the httcr 
sometimes occurs smee many people have 
«hown m vitro (m the ‘ib«enee of nursing 
cells) that iron goe? into m throblasts Per 
haps with nutoridiograph'’, we will get a 
quantitative answer 1 feel tliat cillier 
nicchaiu«m mav occur and the frequency 
with which one or the other occurs is un 
known ToanswerDr Stohlmansquestion 
spccificallv we definitely have «ecn rcticu 
far cells engulfing erv throblasts m tlic Ixmc 
marrow m pathologic cases but in perfectly 
normal cases i ou find crythrophagocvto^is 
in Ikmjc marrow The nurse coll can lie the 
same wlueh performed erydbrophagori to- 
si« or another one which lus r»‘cei\e<l iron 
from trunsfi rnn 

F L Alpfn t\c have done nutora»lio- 
graphic studies on marrow after injection 
with iron Itisvrry clear from then. «tu lies 
as well as from (hose of Dr I^jtlia (hat 
when one inject morganicorplasmn bound 
iron tbi-'irongoesdimtly into tlemil n> 
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blast with BO mterraediate in the C3cle 
These ob«enations do not rule out the im 
portance of the process that Br Bessis 
demonstrated because we ha^e a1wa3S 
known the importance of so-called stable 
iron in the production of red cells the 
second component of the plasma iron dis¬ 
appearance cun e for example is best ac 
counted for on the basis of iron which is 
stored in this fashion In fact when one 
giies radio-iron jou see labeled reticubr 
cells or macrophages about 12 to 24 hours 
after the injection of the tracer iron This 
IS Usually associated with remnants of what 
appear to us to be disintegrated earlj 
normoblasts V\e interpret this to mean 
that a few of the cells that onginalU incor 
porated the free iron didn t make the grade 
and were then ingested bj the macrophage 
cell Then this iron maj be reutihzed by 
tl e process Dr Bessis describes 
D N KTKW Dr Alpen s explanation of 


the two different routes also maj explain 
the delajTd uptake of labeled iron into the 
red cell after eight days when the cune 
slowly increases from SO to 90 per cent of 
the injected dose ‘ 

F Stohlsun Jr. Dr Alpen s obsen^ 
tion of ttw appearance of iron in the reticu 
lar cells 12 to 24 hours after injection of 
mm could readily be explained bj death of 
labeled cells durmg the process of produc 
tion This m turn raises a senous question 
as to the y nliditj of computations ba'ed on 
the assumption that eyerj cell produced 
reaches the penpherj 
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Classical Teclinics for llie Stud} of the Kinetics 
of Cellular Proliferation 

ByC V Leblond 

I Js THE "MIXDS of biologists the word mitosis' is os'ocintcd wfh the con 
cept of growth It is true that cellular proliferation implies not onlj the re¬ 
placement of one cell bj t« o daughter cdls through mitosis but aKo some spatial 
rearrangement to pro\ade enough room for t!»e neu cells Thus at ‘ates of di 
vision expansion xs required During cmbi>onic life the result of mitosis is e& 
scntiallj an enlargement of the regions uhere prolifentioii takes pi ice that is 
gronth Complex cell migrations mai al«o occur asm the expansion of the hlasto 
pore Iip Again g^o^vth is the result 

In adult mammals however bodj growth ts usuallj slow or absent E\en«n, 
there are manj regions of cell proliferation Some of them are ea«iK accounted 
for such as the mito'es in the hair follicle, which ensure the continued elongation 
of the hair shaft, or the penodic outbiirbts of mitoses in some ovarian follicles 
which are the prelude to the swelling and rupture of the follicles with release of 
the ova In both these cases there is a strucfural addition—longer hair or larger 
follicles—that 15 again growth but stnctlj locilized 
Finally mitosi'j maj be found in structure'' «ucli as tbymu spleen or (lono 
marrow which 'how no enlargement with time in adult animils Neither the 
number nor the size of the cells show anj change therefore cells must l>e lo t 
bj migration or degeneration so that cell proiluction is balanced bj cell loss and 
the cell population is kept m a stcad> state Such a cell popuhtion nn\ lie ro 
ferred to as a renewal s>fetem * 

The first step m investigating cell prolifcralion to determine whicli crlN arc 
undergoing mitosis The next step is to find out at what rate mito cs occur This 
rate maj be expressed as the turnover time of the population i c the time taken 
for the replacement of a numler of cells equal to tint in the whole popul ition 
It IS possible to estimate the frequenej of mitotic divi ion and thus olitaiii the 
mitotic index (ratio of the niimlier of dmding ecUs over the tot il miniliir of cells 
in the population) However mitotic duration has to be knowai al o if we irc lo 
deduce the turnover time from the mitotic index bnfortun itelj inform it ion it 
garding mitotic durvtion is meager \ anations arc 1 irge the extreme c is? l>omg 
the epidermis m which mifotic duration ma\ v irv with temperature from out 
lo several hundred hour* is rfjoniJ Iielon Tliv cflchianc Icchnir whicli arrt'ts 
mitoses at metaphase m tkes it possible iwt tmh lo emphasize ngions < f high 
mitotic ictivifv but a! o togiveapreci<cfigureformitoticduration and turnover 
time 

On the other liaiid mitotic eountis even after colchicine (cll us nothing af« ut 
Uio f itc of the cells followang dmsion Newlv formed cells cannot!« distingui hc*l 

From Ihc Dc[ trfmont of Anslofm MfCill CnnerniU Xfonlreal CtniJt 
Tbp TTorl. rrfwtpd ii itis imestipatioa wis «lonc mtb tfo * ij {>ort of ibo Naljonal 
HesrnrcJ Co mol ai i] 1) e Nnllonil Csnror Instjt »le of Cant la T1 r a*.«j isnre of Mr b 
1 V\ orburton h nckno»ledc«* I 
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from their neighbor and we do not Ijqow how the} lea^e the tissues nor what 
their pathwaj of migration la Radioautograpb> after administration of DNA 
precnreora particularh tntmm hbelcd thjmidine reveals the fate of tho^e cells 
which have dmded immediateh after injection of the precursor 

This paper will examine the u<se of mitotic counts with or without pretreflf 
ment wath colchicine Other technics will onlj be bneflj mentioned 

"Methods 


1 Mtlolic Coun/5 

Counts of the percentage of celN undergoing divTsion maj be earned out m 
sections or cmears but “^veral precautions aree^ntial though often o\ erlooked 
Great care is necesbarj in identifiang mitosis and m determining the cell tjpe 
to which each dmdiiig cell belongs ‘^me authors who wTite of mitosis real!} 
seem to have counted onlj inetapha«es Ob\iou«Iv thej wall report much lower 
mitotic indices and shorter mitotic durations than tho«e found bj other workers 
The best and U'ual procedure is to count all mitotic stages from the earliest 
recognizable propha'es to the latest recognizable telophases This require'^ estab 
L«hing definite operational entena for identif>ing each stage of mito is The e 
entena maj differ from cell type to cell type 
The identification of cell tvpcs is more ea«il} said than done since dinding 
cells lo e not onh nuclear characteristics but al«o sonie cjtoplasrmc feature 
Good hi tologic technic and experience help m assigning dmding cells to a g» en 
population but in «ome cases the difficulties are insurmountable Another pre 
caution 18 to ha\ e in the ocular of the microscope a discrete preci«c field outline 
Once the area of this field has been measured for a gii en magnification the num 
bers of resting and dividing cclU may be rccordwl per umt area 
In tissues m which the size of dividmg nuclei differs from that of resting nuclei 
there la a danger that the larger type will appear in sectiona more frequentlv 
than the smaller typo so that frertuenev estimates may be maccucate It is then 
necessary to apply the Abercrombie correction * Lnfortunately this correction 
involves measuring the mean diameter of the nucleus an easy task wath resting 
nuclei but a difficult one with dividing nuclei Even so the correction improves 
re ults 

Following the example of Stevens Hooper * other sources of experimental error 
must I>e minimized by performing all expenments at the same time of the day 
and by taking the fcarae portions of the organa to be studied from each amma! 

2 Cse o/Colchicine 

^Tien an aderiuate dose of colchicine is mjected approximately 1 mg per Ivg 
body weight in many mammals thecelK undergoing metaphase will remain at 
that stage so that the count of the number of mito^s after a penod of let us 
=av four hours indicates how many cells have divaded during that time It 
was found that 1 mg of colchicine per Kg body weight given in a single sub¬ 
cutaneous do«c was as effective as if given intrapentoneally or intravenously 
and a single injection was more effective than repeated smaller mjections * 
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TJie fir^t and obnous \‘ilue of caJchiwne is to sho« accumulations of mito^e* 
and thu^s mal^e it easj to detect areas of cellular proliferation B 3 far its greate'^t 
\aluc i& to sho^\ how maiij cells di\ade OAcr n certain period of time four hours 
for instance mi that it is possible to calculate the rate of dnasion and therefore 
the tumo\er time A compan on of the number of di\idmg cells at a gi%en time 
m a nontrealed ammal walh that m a eolchicmc treated ammal makes it possible 
to calculate mitotic duration 

Stc\ens Hooper* has stated three important requirements which must be met 
for a colchicine eaTienment to gn e depend ible results These must be tested be 
fore each exTicnmcnt and before an untried sample of colchicine is put mto use 

1 The drug must ha\ e no effect on nutotic stages preceding metapha«e This 
can be tested In companng prophase counts m treated and untreated ammals 

2 The time at which the drug takes effect «hoiiId be knowTi eg if «ubcuta 
neous mjcctioas are used their effects -should be compared with those of intra 
\ enous injections 

3 The effect of the colchicine should last «e\eral times as long as metaphase 
and longer than the exponraent Tins requirement may be hard to meet in tissues 
where mito is is exceptionally slow as in the cold acebmated rats studied bj 
Hlroxw (see below) 

To illustrate tlie kind of results expected from colchicine Stexeiis Hooper® 
presented the mode! howai m figiiro 1 

Manx objections haxe been made to the use of colchicine m a recent rexaew* 
these objections xxerc listed and it xxas concluded that counts of colchicme- 
blocked mitoses gixc a mvmmwm figure (or mitotic rate oxer the penotl of action 
of the drug Recent results to be reported below indicate that at least m certain 
tissues the mformation proxnded bj colchicine is more precise than generallj 
thought 

S Use of \ rays 

Mitotic duration was calculated in xixo bx luiowlton and ^Tldue^^ on the as 
sumption that "s ray treatment prexcuts cells from entering prophasc but allows 
cells that are alreadj in mito'^i:, fo continue until the end of telophase The num 
ber of xasible mitoses counted at \anoas lutcrxalj, after treatment rapidlj de 
creases "Mitotic duration is the time taken for all mitoses to disappear The ac 
curacj of the results would depend on how well the selected dose of rajs inhibits 
the imtiation of prophase wathout affecting the ex olution of mito-sis The figures 
of these authors for mitotic duration ranoC around 2 o minutes m rat and mouse 
tissues From the criteria xxhich thej give for the identification of dividing cells 
it seems that this time refers to the penod from late prophase until the end of 
anaphase These authors used these figures together wath the mitotic index to 
calculate the turaoxer time of a xanetj of tissues m rat and mou e 

4 Other "^fethods 

The xanous methods which haxe been described lead to knowledge concerning 
the sites and rate of mitosis but proxnde no information as to the fate of the cells 
which emigrate This maj be done bj radioautographj after injection of labeled 
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«NOTES AFTEft COttMtINt 

Fio 1 —Model repre«enting tbe number of eelU at tbe various stages of milosia at sue 
cesaive tune loterrals after cokhicine lojectioo assuming a rell popuJatioD with a lO per 
cent mitotic index and durations of 30 10 S and IS nunutea for propha<e metapha e 
anaphase andtelopha«e re«pectivel> (from Dr Stevens Hooper) Controls black column* 
Colchicine treated animal white columns 

DNA precursors recendj best remits ivere obtuned Tvith adeiime O'* 
erature in reference 5) but the introduction of thjmidine-H’ in this field jields 
results that are more specific and gi\e a better radioautographic locahzation 
Hence thjTmdine H’ appears to be the ideal method to =hou areas of cellular 
proliferation and trace postmitotic cells • ^ 

Other methods ha\ c been used to diMrot er the rate at « hich cello leat e a popu 
lation or a compartment m uhich part of a population is held' For in-tance 
when radioactne iron is administered the red blood cells formed immediately 
afterwards contain iron labeled hemc^obm Such cells can be traced m the cir 
culation and their tumoaer time m blood ma> be determined In fact, human 
erj-throcjieo raa> be «aid to have built in label If type 0 cells are transfu'cd 
into a type A recipient the number surviving after \ anous penodo can be de- 
tenmned b> counting the ccU& which are not precipitated b> anti ^ =eruro * 
The fate of labeled white blood cells transfused into a recipient ammal has al o 
been examined “ 

Con%er«e\j, the effects of removal of Ijmphocj'tes b> cannulation of the tho¬ 
racic duct has provaded information regarding the fate of the«e celL Thu 
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Gowans'* found that the thoracic duct m Mts discharged enough IjTnphocytes to 
replace the circulating population about 11 timesada} , that is, each lymphocyte 
spends little more than 2 hours m the blood Houeaer, the number of lymapho 
cjtcs in the collected lymph began to fall markedly after about 2 days of dram 
age although it could be maintained if the collected lymph, uath its Imng lym 
phocy tes, v. as rcmjcctcd intrn enously These results again place in the limelight 
the old theoiN that ly mphocy tei lea\ e the blood and re enter the lymph aaa tissue 
spices, so that a single lymphocyte may return to the blood stream again and 
again 

Another approach has been to destroy the leukopoietie tLsxues of one parabiotic 
twan ” From the amount of blood exchanged by the 2 ammals and the number 
of uhite blood cells actually found in the blood stream, the aaerage time spent 
by white cells in the blood w as c ilculalcd to be 170 minutes for mononuclear and 
23 minutes for polymuclear Icukocy tes 

Hence, a ^ anety of tecluncs mav be u. ed to sJion the fate of the cells arising 
from proliferating populations Only the use of mitotic counts m normal and col 
chiciiie treated ammals wall be con''iUercd here 

Ufsults 

InUrpretaUon of ihc Presence of Miloses in Adult Animals 

As pointed out aboie tlie presence of mitoses m a cell population m adult 
animils reaeals the cMstence of cell renewal, but the fate of the cells of this 
population may not be c\ident Howeaer, in some ca«e«, consideration of the 
structural arrangement makes it possible to draw conclusions or at least to make 
hypotheses that mu't be confirmed by other means Let us take the tnlesUnal 
epilkeliiim of the rat as in citample This epithelium is a layer of columnar cells 
cosenng the intestinal \nlli and expanding without interruption down to the 
bases of the cry pts of Lieherkulin The epithelium consists of two cell populations, 
chief cells and goblet ceIN, w hich arc apparently mixed at random lamination 
of this epithelium by the author in collaboration wath Cathenne H Steiens” 
(who IS now Stevens Hooper) showed no mitoses m the valli, "ince the rare dn id 
mg cells that may be observ ed are believ ed to be migrating ly mphocytea On the 
other hand examination of the cryTJts of Licberkuhn confirmed the well known 
fact that mitores are abundint there (fig 2) In ndult female's, the weight of 
which had reached a plateau the duodenum showed approximately 7 per cent 
of the cry’pt cells at some stage of mitosis** 

How could the significance of this high mitotic activity be eatablished? In the 
past histologists noted mitotic activitv in the crypts, but were generally of the 
opimon that the new cells replace tho'«e cells in the vallous epithelium that are 
damaged** However careful fixation «howed us that mitores were numerous m 
samples of rat intc'Jtme in w hich there was complete mtegntv of the epithelium 
Hence, there must be an intense contmuous cell production in the crvpts of 
Lieberkuhn under phy«!ologic conditions 

The fate of the excels celli was not obvious Careful histologic study of tlie 
crypts in the rat rev ealed no ‘•ign of cell loss or degeneration The lumen of the 
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Fio ’> —Various «tage3 o( muos s seen in a cr>-pt of Liebcrkuhn in the duodenum 
netaphase T te!opha.e P prophase (from ref 14} 

Fio 3 T p of a duodenal villus shomng several eelU located above the regular row of 
epithelial cells These cells ate bel eved to be in the process of being extruded into the 
intestinal lumen * 

crjiits ivTs narrow Indeed with the «ception of the crj'pt bottonis it was 
tightlj clo«ed «o that any cell or cellular debns lo«t to the lumen might be re 
tained for some tune and identified as such But none nas found Nor were there 
irregularities of the epithelium The onlj wa> celk could leaie the ciypts would 
be bj monng upw ard in an orderlj fashion to become part of the epithebum cot 
enng the \t11i Assuming that n "steadj slate exi«t<i the number of cells leaving 
the ciypts should balance the number of cells added bj mito«is 
The next step was to examine the tnlli for possible clues to celluht lo-ses No 
sign of loss was seen along the «ide< but numerous uregulanfies were observed 
at the tips of the Mill Often the stnited border wns interrupted Oneor«etenl 
“bnleled cells were often «eeD FiniU} cdJs pushed aboie the regular epithelial 
lining were “cen in a number of villi (fig 3) Preoumabli the«e irregulanties are 
caused by cells which are it vinous stages in the process of being ejected from 
the epithelium Hence the name cifnwion zone vras given to them Such extrusion 
zones were al o found jn man cat rabbit and mou«e and probiblj indicate that 
in all the®c “pociea cells are lo t from the intestinal epithelium at the villus tip® 
However this conclusion wis no more than a histologically supported gue«- 
Fvidence of cells ejected from thee\ltu<5ion zone was not reidilj available prob¬ 
ably becia e the cells in the lumen were rapidly digested by proteoly tie enzyme® 
Even ®o the pre«ence of celK in the fluid collected from intestinal fi'tulae his 
been noted by several authors (quoted m reference 14) and m section® ejected 
cell> have been «ecn when starved animals or i olated loops of inte^tme (fig 4) 
w ere examined 
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Fia 4 —"Mucoan of an isolated loop of rat ilcum The crypts ire visible along the lower 
edge of the picture and the vilh above them Examination of the vilb shows the rcguhritj 
of the epithelium except for tlie extrusion zone visible at tbe villus tips At the top the 
intestiml lumen u seen to be hUed up with extruded epithelial cells which in places seem 
to be arranged in irregular columns overlying each villus tip (from Dr Stevens Hooper) 

Becently, it bn been poisibJe to label the nuclei of newly formed cells with 
tho DNA precursors adenine C‘* (ref 5) mil thymidinC’H* (ref 17) RaUiomto 
graphic obser\ationa hate fully confirmed the above by'pothc'C'i on the mode of 
intestinal renewal This wns particularly clear with thjmidme H*, unce it could 
be shown that both chief and goblet cells arose m the crjpts, ascended the valli 
and fell into the lumen from the tillus tips Bncfly, there is a proce*:‘fion of cell* 
from the ciypts to the vallus tips, pre^mably jnvolnng a grodual massive mo¬ 
tion of the whole intestinal epithelium gliding lumenward to its death 

Use of MUoltc Index 

In the ca«e of the intcitmal epithelium the mitotic index was calculated for 
the whole epithelium (cr^Tits iiid nlli) and in udulfc female rats ncraged 307 
per cent ** Tlus information docs not allow an accurate estimation of turnover 
time, since nutotic duration can only be gueised If the mito ia of a crypt cell is 
assiimetl to la^t one hour, then 3 07 per cent of the cells di\ idt per hour 0\ er a 
24 hour period the number of new cell* will Ire equivalent to 72 per cent of the 
number of cells uiitiallj prc'<en{ Since an equal number wall h ive Irecn Imt fo 
maintam a steady ‘■tite, then 100 per cent of tliecella mil Ire renewed even 33 
hours (turnover time) The wcikiiess of such reasoning is th it it st inds or fills 
on the assumption made for mitotic duration Hence for reliable dat i on turn 
over time, the iiic of colclncmc is required as ihovvn Irelow 

Information of another kind mi\ he nbtiiiievl from the mitotic index \s an 
example of the possibilities let us take Mood cell forming tixsues It is well 
known tl) it tlie cells of these tixsiics go through a frenes of gener itions and m so 
domg transform from one cell type to another Consideration of the mitotic in- 
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dex of the \ anous cell t> pes prondes information concerning the mean life span 
or generation time (i e mtermitotic time + mitotic duration) of each cell t^-pe 
and of the number of cell gcnerahons 

Let us examine ho« this uas done in nork on the th^mu'j earned out bj the 
author m collaboration ^ith Dr Sainte-Mane ” This work required a number of 
assumptions, on the ba^^is of which the data yielded a model for Ijinphocyte 
formation m the th>Tnus The ba«ac assumptions are (1) Four mam cell tvTses 
maj be accurately recognized (fig 5) the reticular cell mth hght cidopla^m and 
large nucleus up to 11 n m diameter, the lai^ Ijmphocj'te with a basophihc 
cytoplasm and nucleus measunng more than 5 9 the medium Ij mphocyde with 
a nucleus measunng 4 0 to o 9 /« and the small Ijanphocyie mth a nuclear di 
ameter le^s than 4 G ” (2) Small lymphocytes an«e from medium which come 
from large lymphocyte*' which m turn come from reticular cells (3) The life 
«pan 13 the «ame for all cells of n gi\ en ty pe (except for ‘‘ome small h mphocyte« 
which no longer dnide) (4) Mitotic duration is the =ame for all thymus cells 
(5) Small lymiphocytes Iea\e the tissue in large numbers but the medium and 
large lymphocytes in small Dumber^ 

The problem was approached by counting renting and duading cells of the 
four type® 



(R) Left an interpha«e Ducleu? of reticular cell Right a large h-mphoevte (L) Below a 
medium (M) and a vmttll (S) Ivroplioc'le (from Sainie Nlane and Leblond Proc Soc Els 
per Biol & Med 9S <X)9 lOoS) 

Let u-! fir«t examine faow thecompan«onof two cell types eg mediumter«u’ 
large hTnphocyte^ makes it po'wible to estimate their rclatne life‘•pan It was 
noted that throughout the thymus the mitotic index of the medium hmphocy'te' 
0 133 in penpheral cortex was twice that of large lymphocties 0 0G9 in penph 
eral cortex Hence medium lymphocytes diaade twice as often as large lympho- 

cyte« In other word the life *pan of large lymphoc\ fes is twice that of medium 
lymphocytes (fig G) L«mg «imilar methods it was concluded that the life «pan 
of reticular cells is eight times that of medium hmphocytes In the ease of small 
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Fig 6—^IodcI cbon'ing the relation of life spin to mitotic index avtimmg that the 
mother cells bate a life«pan of Id hours (9 hourj for interiibase and 1 hour for mitOKi«) and 
the daughter cells have a life «pao of f> hours (4 hours for i«tcrpba«e ami 1 hour formtto«is) 
It Is obvious that under tlic«e conditions the mitotic in<hcc« e.ould he 10 jwr cent for the 
first tvjie and 20 per cent for the second t>pe Hence life «pan nnd mitotic index arc in 
versel> related (diagram of Dr Samte Mane) 

J>mphoc5ies, «ome ditndc iftcr t life «p»n as «hort n^ that of medium hmplio- 
ct te> The othens h\ e on mdcrmitelj 

The next «tep nu«i fo find out hoti ma»\ genen}Jon« o! cieb ceJ! ti7>e would 
j leld the numbers of cclU niid mitoses found in the counts This w is done In in 
cmpincnl method for the cortex of the thjmu« Cilculalioiiu were nude of how 
mint resting tnd dividing cell- would licrxpccled in •^?ctii)n.s if one, two llireo 
or more medium’ gcnemtions were nx-oented with either one, two, three or 
mon hi^c” generations (fig T) ft thu'* found tint the rchtive immlicr of 
generatiDiu of hrge, mctlium nnd «iTnlJ J^mphocjte''wpn. 4 2 2 re«iXTti\cl> 
while reticiilar cellsliehuod is indicnted in figure 5S (Tlic Rt lietwcen experted 
Ttid cxpenmentTi rc'iilts is tliown m fig 9, pige 42) 

In the th\ miis mcdull i the interpretation of the counts of resting nnd <liv id 
ing cells wns complex and Ind to lie done in nlitton to histologic findings First 
it nppcanxf (fiat (Re div isions of rcfictdir ccHs mostK p\e n^c to ofher n (iciifir 
cells in«teidnf prtKliicingl irgchTnphocvtCs, while n numlior of llieixticul ir colls 
thus produced undergo degcnerilion giung nx, to IIisx.ills coriiuscips Fur 
(hermort, mitotic indices supw^t *h®t th<* <h iractcnstic setiucnce of generitinns 
ol)scr\ctl in the cortex !l<o exists m the medulla but the rmmlvcr of cells going 
through this sequence in the mcdull i is small *• On the other hand, n immlicr <if 
modiiim and an ev cn I irgor nuniTxtr of «mxll Ij mphf>cvtes migrite from the cor¬ 
tex to the medulla and from the medulla into the Kmphatic nnd blood \c xN, 
XI that the mcdull» s<>iaes -v* the pxthw i\ for thvnuc IvTuphocvtcs (o n irh the 
circiilafjon (fig 10 p.»ge 1*1) 
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FiQ " D\»gTam«hov.nig\he taUoottbe ouinberot mitcxesin medi vm to that in Urge 
liTDpl ocvtes The experimentallj obtain4>d value (black column at nght) la compared to 
the value-j to be expected for 1 2 or 3 generatioiia of medium Ijmphocjtee combined with 
1 5 generations of latge Ijmpbocjte^ (gra> columns) It vras concluded from the com 
pan*on that 2 generations of medium were combiocd with 3 or 4 generations of large Ijm 
phoc} tes (altho igh the posaibililt of 2 or 5 generations of large lymphocytes could not be 
excluded by consideration of (he«e data alone diagram of Dr Sainte Mane) 

In conclusion it is po««ibie to obtain information on the life span and number 
of generations of cells from a consideration of counts of resting and dinding cell 
This information coupled vnth hiMologic m\e«ligatioTis retenled the mode of cell 
production in thtmua Netertheless the figures for the life «pan of the yanous 
cell trapes «ere relatne to one another Ab'-olute figures may be obtained bj a 
difTerent technic non to be described 

Lse of Colchicine 

Colchicine may be u cd to C'limate not only mitotic duration but xl«o turn 
or er time The tumor er time of a cell population !■> usuilh equal to the mean life 
“pan of the cells making up that population For “implicity s sake let us as. ume 
that, starting at the time of inyection colchicine “top? all metapba^es from tran“ 
forming into anaphases so that the number of coIchicine-blocked metapha“ea is 
equal to the number of cells entering mitosis betw een injection and sacrifice If 
mito“is has a normal frequency of p per cent, and colchicine blocked metaphascs 
hare a frequency of q per cent, I hours after injection the mitotic duration m 
LS ptiq hours and the turnover time (time for 100 per cent renewal) is 100 mfp 
hours If m is replaced by pt/q in this fonnula the turnover time becomes I(X) 
f/g hours thus the turnover time may be estimated if only the count m colchi 
cine-treated animals q la known The u«e of such methods in the ca“e of the 
intestinal epithelium yielded a turnover time of 37 7 hours for the duodenum 
that IS 1 57 days'* 

The u'sj of colchicine is fraught with difficulties which were not always recoe 
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Fia 8 —Stem cell renewal Iheorx of lMni»lioc%te fomilion «n Pinj;mm irprc 

renting ihcintHt prolnblc pattern for tlic filiation of tMniiC cclN m the corlct l^cli retie 
ular cell at regular intervals mcW< lirge hmphoextes that pti-i tliroiieli t generations anil 
tJien proiltjce tneihiim Ijmplioei fe« that un<lergw 2 pcnerations, tlius giving n»e to email 
limpliocNte* of which there are sh'o 2 generations (the vertical dinien'iDn is tune) Tins 
ifiagrani was prep irerf from liata ofitaineif in the prnpfieraf region of Che cortex Tfie iiiim 
hers of cells anil the wills of occurrence of mitosi* at each one of the «tage« arc ol tauieil b) 
inspection of the corresjwiuJing portion of the diagram The mems (lower right) are u«ei{ 
to cnleiilfltc the "eTpecletl ratios reported in figure 9 (from Mane and I.^'blord 

I’roc Itoc rxper Iliol A, Med 97 20.1 19o.» 

mzctl bj enrlior inxc^tipitor*, nirludm); the xxntcr .Vs a itsuU, » someulmi pes. 
Fimi«tiP .ittituile rcfpinling the nRmfic'incc of rolchieme results hoii nflen l»ocn 
adoplctl ‘ Adeiunte resullv, lionc'cr, msv lie obtninptl xxttfi cnlthicitie, >f smes 
of (rentotl nnun iLs ire rsicnllccd nt «c\enl tune intervals after injection In thw 
manner, t( is posMbJe ( 1 ) to tlcfermine whether the c/Tect of colchicine on (he 
oi^rtn tfivestiffaletJ fnllon^ the theoreticil motlel in figure 1 and, if *«>, (^) to fit 
a ylMiglit line to the mere i-sin;; mefaph iscw>o«ts and thiispstim.ileat wlnt rife 
mttiphLsos iccumulile I-rom this nte, it is ei.s\ to nlciihlt mitotic durilnin 
and tumoMrtimo 
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LARGE 

RETICULAR 


MITOSES 



SMALL 

MEDIUM 


columns) with tL ratios expec^edon'^hrb ^ j mitoses (black. 

The agreement is good ^ *'** ^ figu« 8 (8«> columns) 

Je^riT™* ..re 

metaphTses anaphases and telonh percentages of prophages 

cloeei tothe mSin^n n? The data .orfonn 

counts sho.s that raetanhasps i ^ fitted to the metaphase 

hour .tacorrec.m„"r^‘der.rdr:fl“u ^ 

taneously mjeeled colchicine to lake cicet tlTf ^ L 

hour This result in\ec! n ♦ii.-rap.. * , becomes 4 13 per cent per 

alone and about 2 dajs for the'^ren'”^ 1 

agme, neU inth lecen. estimates madc^tt h'," h“°dmf 

cent whircrhL’e\?itir,apj,nt:ta™ 

ulcs after injection maj be calculal^ fmm'ih r of? per cent 1 mm 

duration This bii cs the Momn^j u.«i to figuremitof.c 

192 to 21 7o .Snu.« ^X;™r«rr'’ 7 

mitosis to bo completed 53 minutes that is mcr 2 houis for 

Wmr=ttredS'm 11''’“', r "■"■ “''■'■“"I *»"•” 0 

used It to sludj mitotic rate, m the epidermis of mt, under Irm 
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peripheral! medulla 

CORTEX CORTEX 



Tig 10—Formation and migration ol Ijtnphocjtcs in peripheral and deep cortex and 
in medviUa of rat thymus (from ref 19) At the left, the complex pattern represented m 
figure 8 and derived from the peripheral cortex data is presented in mmplificd form indi 
eating that a reticular cell (It) divides to yield on the average one large lymphocyte (Li) 
and another reticular cells (R) The haste pattern is repeated in deep cortex and medulla, 
Tilth the thickness of the Jong vertical branches made proportional to the rito of local 
lyunphocy te production In medulla fe» large lympliocxtcs are produced from the mitoses 
of reticular cel! most of Tihich yield new reticular cells On the average half of these ilc 
generate and die, usually as Ilassall» corpuscles At the base of the diagram the length of 
the horizont il portions in the 3 zones sicre made proportion il to the mean time ^peiil by 
the mature, nondmding small K-mphocyles (St) in each zone The portion corresponding 
to peripheral cortex toirs the line standing for deep cortex and both togetherjoin the line 
standing tor medulU thus indicating the pathwxi of lx rophoexte migration from peripheral 
to deep cortex and then to mcdnlW from which the cells reach the circulation 

and cold conditions He found that 01 mg colchicine per Gm Ikk 1\ uciglit 
blocked met iphaso cfTectit tl> in all parts of the ekin m r Us kept at 30° C How 
e\cr, at C° C , the "inie do'e was cfTectuc only m ‘'Uch ti'ssuo' as back «km and 
duodeinl epithelium, wliicli Mere not chilled In the ear and foot epidermis, 
which were* mans degree'' liclow centnl l>oil\ tcmpcMtiire, no subUnnlial in 
crea=e m the number of mctaphi«ei> was olr^racil vuilil this do'<' had liecii 
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the white rat as »how^7n'eM3r(b"3ck*^eIiru*^'"^"r division m the ileum ot 

colchicine injection (white columns) TheH i a'”*'* various tone intervals after 

of prophnses' a prope“v. fncmmi m Ih, 

number of nnapha..es and telophases with tmw, ' "letaphases and a decrea.e in the 


rpp?a'^ (fiTS)'" -l- 

the rcalT^etrb , ‘■■'“P?-"'”. « ttbltWj that this m a result ol 

data r,r™, uTw Wh b P 

pha5e count II^muT r> T i ♦ produced a ‘'ignificint increa5e m the mcta 
torrate^uS fhe I r t ^ '"''f ™tosui-the tadao 

ttons'JUe tlpSrhf I."? 

so ohtauaed showed that tultoic ."cTS 




STCD^ OF TirE KrNFTICS OF CELLtfLlR mOLIPEILiXIOS 


•io 


ROOM AT 3Q*C ROOM AT 6*C 


PROPHASES Bf” 

1 BQ I 

In. ir 

1 In 

METAPKASes M 

_■ _mL_H 

■inH mn 


ANAPHASES 


JB_ 11 - 1 „ Tim In 

COUCHICINE 0 6* 0 4* 0 6* 0 6* 0 6* 24* C 6* 

, BACK{39»a EAfiUO'Cl TAM3l*C> 8AeKl52*CJ EARllB'C) TALlll*C) 

MJTOTIC ^ ^ . . 

DURATION a* 7 6* 5* 174* 476* 

Tio 12 —Data of H670ux on tht frcquenc) of n»lol»e «l>v3s>on >n vanoua ragtons of the 
epidermis of the rat at a room temperature of 30*C (left hand side) and 6*C (right hand 
side) At the base the regions from «hich the epidermis rras investigated arc listed vrith 
the temperature of the tissue in brackets The lost hoc reports the mitotic duration cal 
ciliated from the colchicine data It is apparent that at 30*C , the frequcnc\ of metaphases 
Mas less in the more exposed and therefore colder epidermis of ear and tail than in the 
narmer epidermis of the back Figures for milotie duration are correspondmgEi higher in 
ear and tail epidermis than in hack epidermis These phenomena wore greatb emphasized 
at 6*C The estimated miCotie durations in the ear and tail epidermis were 174 and 476 
boura respectiveb 

10 The relation obtauied m this na 3 rras used to calculate nutotic durntion and 
induction rate for the too cases, ear and foot epidermis at O'* C , for which they 
could not lie calculated directlj because of the failure of colchicine to produce a 
significant increase m the number of met-iphnses The results for mitotic duration 
are at the bottom of figure 12 

Recentl>, the CMstence of dmmal \amtmns m mitotic actmtj Ime been 
emphasized ” It is therefore important to estimate an ax erage mitotic rate 
in order to hax e an accurate estimate of tumox er time The method proposed 
for the epidermis^* and lung’’*xxas to u«e 4 groups of animals sacrificed at xanous 
times oxer a 24 hour ponod, but nlwajs 6 hours after colchicine injection For 
instance, in the studx of the epidermis, the 4 groups were injected at 4 A M , 
10 A M , 4 P M, and 10 P ’\I All animals were sacrificed exactlj 0 hours after 
injection The sum of the mean number of mitoses m these 4 groups supplied 
the mean number of mitoses per daj Thus, in table 1, denx cd from measurements 
earned out on the plantar opuleimia in 230 Gm rats kepi at 27® C , the numljcr 
of mitoses per daj was 5 24 per cent of tlie total number of cells present m the 
Malpighian layers (stratum spmosum and gnmulosum) Hence, the tumoxer time 
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Table I —Per Cent Mttaphate in ^aiptghtan Lajers of Epidermis 
€ Hours After CoUhtetne in the Rat 


Time tstnUct 


4 AM 
10 \M 
4 PAI 
10 PAI 


10 AAI 
4 PM 
10 PM 
4 AM 


1 63 
1 4S 
1 22 
0 91 


* = % cells dividing in one nhoie daj 
Turnover time = 19 daja 


of the cells in thi& region is 19 dajs Improxed results might be obtained bj ap 
phing the method of Stevens Hooper* at 4 or 6 different time intervals dunng a 
24 hour pcnod 


CoNCLtSION A\D SuVULVRV 

The sites of cell proliferation m the adult animal maj be inv cstigated bj means 
of mitotic counts wath or mthout colchicine treatment 

A rough asse'sment of the rate of cell production is provided bj the miotic 
truicx T\ith some tis«ues, such as the thvTnus the mitotic index ma^j be used to 
calculate the relative life «pan of the cells and the number of generations in the 
population 

A precise determination of the rate of cell production ma> be obtained bj 
means of a «omenhat refined cokhtetne tcckmc which jaclds mitotic duration as 
well as turnover time of the cell population An average figure for the turnover 
time over a 24 hour period maj be obtained bj Using animals sacrificed at 4 or 
0 time intervals dunng the da> 

^\Tn!e mitotic counts with or without colchicme treatment do not male it po 
sible to trace the migration of (he cells that have undergone division as maj be 
done bj radioautography after administration of DNA precursors such as tnt 
lum labeled thv midine it !•> felt that at the present time the colchicine technic 
IS best for estimation of mitotic duration and turnover time 
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Di«cus«iion 


E P CnoNKnx Dr Lebiond, wc hate 
ob«cr\cd an outpouring of potcntiallx di 
Miling cells from the Ijmph hckIos winch 
represents a continuous loss of such cells 
from the noilc unless there i« a constant 
rccxcling It there is comparable loss from 
the thjmus, how would tin- influence xour 
computations' 


C P Lfblond Before answering jour 
question I would like to emphasirc two 
poults which max haxc confu*^ the audi¬ 
ence First, it IS imjiortant to realize tint 
what xanous authors call a small Ijanpho- 
cjte ma> not be the same thing Dr 
'^ainte Mane and I decided to consider 
that, in sections, coll- with nuclei haxnng a 
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diameter Ie«a than 4 6 are 'mall Ivmpbo- 
^^e then found that there are t«o 
generations of celJs smaller than this limit 
■K) that if our definition is accepted there 
arc tno generations of small hmphoej'tes 
We =cc prophasos metapha e« anaphases 
and telopharfs that are small enough to be 
attribute to the=e cell In anj case an\ 
one who speaLs of «mall huiphocAtes 
should proiide an operational definition or 
description of the cells he has in mmd 
'^econdh there maj be a recirculation of 
Kmphocvtes but h-mphocades which ha\e 
left the IjTnphatic organs do not seem to 
return to the thjTnus in sigmfieant num 
bers The thsmius has few blood \e«sels 
The abundance of mitoses la such that the 
population pressure tends to pu«h cells out 
rather than letting them in 

Finallj to answer jour ciuestion the 
model which wc published* h based on the 
as-umption that one cell at lea't Icaaes the 
thjmus the small l\-mphoc\-te (S ) Hence 
our calculations imph a cell los« Does«uch 
a statement answer jour question’ 

E P CnoVKiTE No it realb doeent 
Cells capable of diinsion are pounng out of 
IjTnph nodes The\ are proliferating cells 
os measured b^ m mvo and m \ntro bbeling 
with tntiatod th\Tnidine This represents a 
loss m the proliferatue compartment Now 
unleH cells of the same tj-pe return in equal 
numbers to the tissue it would appear to 
me that this would drasticallj influence 
j our t%'pc of an^lysi based on ratios of cell 
t>-pcs and mitotic mdec 

C P Leblonti Wide the numWr of 
small bmphocides that lca\e the thjmus 
13 tshen into account in the model’ there 
arc al-o medium and cien large Ij-mpho 
c> tes leasnng The number of those migrat 
ing out mai be high but not enough to 
influence our calculations (cf *) 

Incidentalh esamination of the few 
bige and medium IjTuphooics found m the 
lumen of Ijinphatic channels indicates that 
these cells contmuc dnnding just as thej 
do m the thjTnus proper In other word* 
the escaped large and medium h-mpboo-tes 
contmue yielding small bmphocjtes 
The liTnph nodes arc a more complex 
problem In mcw of the pjknosts seen jn 
some germinal centers in Ijmph nodes it is 
possible tliat some of the reticular cells 
and large lymphocytes that diode there 
(as Dr loffcA showed m his •dniing pic 


hires of labeled cel! ) ma\ die I'en «oon 
after thc\ ha\c appeared ju t as the re 
ticular cells do in the medulLa of the thi 
mus 

3 AI ^orm We haie been uilngurd 
thestatements that germinal centers are 
reaction centers with cvtensiic pikno is 
Our experience has been that m a good 
healthy colony we «ec cmgubrh fen of 
thc«edjTng cells FranUj we don tbelieve 
thatyoufiniyery many ofthe<ccell djmg 
in healthy animals There is no doubt 
1 owever that thej are cpjite readiK dam 
ag«l and that pyknotic changes then be¬ 
come yery eyidcnt Wliatcyer may happen 
to the cell m the gland we ob\aou 1% 
can t deny that sime of them may die The 
escape of the«e labeled cells into the Ivmph 
la a different propo«itiOD In the Ivmph 
they certainly don t look like di mg cell® 
I\c are endcayonng to proye or disproy-e 
that in the IjTnphoid tissues there is a 
«pecial type of cellular deyelopment a 
senes ol rapid divvsions which I call mac 
tnation B\ this mechanism your pnmitiye 
cells are reduced to a relatneh <mall and 
inactne «tatc the small Ijinphoeyte for 
mobihtation and tran«port through the 
blood stream Then m the appropriate en 
yironment and with the appropriate stimu 
lus you get the reyer«e change a reac 
tiyation with rapid enlargement and the 
pnmitue «tem ceil emerging once more 
Duiesuex There la a marked quab 
tatne and quantitatvye difference l^tween 
an ervthrojiJ cell and a reticulo-epithelial 
cell Does Dr \offej think that thc^ 
changes go on from moment to moment as 
it were m a dynamic ti'.-ue like lymphoid 
tissue 

J M koFFEy It certainly ls a dynamic 
sequence of eyents \ou start off mth a 
pnmitue cell I am not calhng it reticular 
The term reticular has been fraught «ith 
«uch difficulties that I avoid it But jou 
start off with a pnmitue cell which goes 
through a number of duisions cn the lines 
that Drs Leblond and St Alane haye 
demonstrated “o nicely in the case of the 
thjinus I * I don t know whether we hay e 
eight generations m the Ijmph node but 
there is a continuous djuaimc process and 
the cells at this stage are genetically yerj 
plastic It is at this stage whore the cell if 
it gets the appropriate stimulus can go on 
to a specialized tvpc such as a plasma cell 
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but the norm'll line of dei clopracnt m the 
absence of such a specific stimulus is in the 
direction of forramg these small lyropho- 
cjtes You can sec all intermediate stjgeb 
It IS the existence of the precursor cell pool 
m a djmamic state which makes it Ncrj 
difficult to do prici'c qiiantitatne work 
with thjmidine If ^ou gne a single dose 
of thiTOidine, jou tan label diffenot cells 
of the pool at all stages, but the most 
prunitn e cell w ill take eight da\ s befon its 
descendants (m eight generations, 256 cells) 


tcould fimllj appear in the thoracic duct 
hanph as small Ixanphom tes 

nEFrnnxcFS 
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The Qiiantilative Estimation of Mitotic Growth in the 
Bone 3Iarrow of the Rat I>j the Stathmokinetic 
(Colchicinic) Method 

By PiEnBE Dustin Jr 

SEP\RA.TIO's of mitotic chromosomes under the influence of the '-pm 
•*- die maj be «electi\ elj disturbed bj a group of chemicab, the spindle poison': 
The mo'st widelj knoun are colchicme and its denvatnes podophjlloto^in and 
peltatin and ^ arious ar«enical compounds such as arsenious o^ide and «odium 
cacocl^late Thej totallj or partiallj destrpj the fibrillar ■structure of the spin 
die, the rc'-ulting atrophic or amorphous spmdle (pseudo'pmdle) i* unable to 
mo^e the chromocome': which lay in a state of pseudometapha‘«e or stathmo 
kine'iis •New mitoses howe\er continue to appear for some hours at the same 
rate Arre ted metaphases accumulate and the mitotic index is con'siderablj in 
created 

The fir:t authors’ who studied this effect considered that the imtotic index 
ti* found m a tissue t hours after the action of a stathmokinetic drug 'uch as 
colchicine w as directlj related to l and to the mitotic index t of controls and 
m\er«elj to m the unknown duration of imto is before the action of the drug 
From this relation ij* = (t X t/ni) the duration of mito«is is easily calculated 
for in — (t X t/td) Howeicr this i» onlj possible if scNcral conditions arc met 
a circum tance which is exceptional in the complex tissues of mammals * 

In the present paper we will analyze some results on the growth of bone mar 
row cell The possibilities and the limitations of the stathmokinetic method w ill 
be made clear and the discussion of our results will proxide an opportunitj to 
con ider other papers m which the duration of mito«is has been calculated in 
spuidle poisoned cells 

NL^terul and "NIetuods 

Stock albino adult rats were u'«d throughout As a mitotic poison de-acetvl 
N methjl colchicine (colcemid or demccolcin Ciba ) was injected intrapen 
toneallj m doses of 1 mg /I\g Bone marrow ■miears w ere fixed m ab olute alcohol 
and ctained b 3 the method deii«ed bj de Hanen * Eosinophilic mitoses were 
counted eeparateij Tlie granulocjtic aod the erythroblastic mitoses were counted 
together since there was no mdication of important differences between their 
mitotic rates The a anations of mitotic index in the bone marrow w ere compared 
to those ob«cia ed in the thj mus the spleen and the small mtcstme after rou 
tine sectioning and staining All animals were killed bj ether One group of rats 
w as adrenalectomized and kept on a normal diet for tw o daj « w ith a 1 per cent 
solution of sodium chloride asdnnkmg water In theinten'al of twoda\s adrenal 
regeneration did not take place «mce great care had been taken to remoie all 
the penadrenal fat 

From the Department of Pat! ologjr DniTersit\ of Bros els Belgium 

* From the Greet, o g/alAno* the slat on thearre:it 
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Hesults 

The results, based on the figures publi^ed bj Piscitelh et al ,** are euirunanzed 
in figure 1 Tor each time mten al alter the injection, and m nomnjected con 
trolb, the a\erage mitotic counts were made for groups of four or file animals 

If we first consider the relatiie percentages of prophases, metapiiases, ana 
phases, and telophases, ue see that during the first 30 minutes after injection, 
niObt of the eMoting ana telophases are completed The percentage of propha~es 
does not change durmg this period, but after one hour it decreases coii'idembh 
This is a «imple consequence of the accumulation of arrested metapha«es Pi'.ci 
telh** has sho\m that dunng the experiment, the number of new celN entering 
prophase is not appreciably changed 

4fter fcLX hours, some ana telophases reappear niis is proof that the duiation 
of complete spindle poisoning does not exceed this penod Hence, anj quantita 
tne studj' of growth in bone marron njfb coJcemid should be done nithin le=b 
than SLX hours from the beginning of the experiment At eight hour*, it js clear 
that there is no more spmdlc poisomng, the mitotic phase percentages being the 
<Hxme as before treatment 

If no now consider the mitotic index, expressed here as the number of mitoscs 
(normal or arrc'ted) per 1000 cells, ne see that durmg the first half hour after 
mjection, this index drops notably After one hour it is about the same ns at the 
start of the experiment This transient decrease reflects the disappearance of the 
tclophasic celU., iihich end their mitosis The metaphase index (number of mota- 
phases per 1(K)0 cells) is not modified during the fir>*t half hour, the increa.se m 
the pereenlage of metaphasos compensating for the fall m the total number of 


(nd<f ('/<«) 



1 lo 1 —t anation.*) of the mdolic index and the perrentaRc of miColic in the bone 
m'lrrow of normal and odrenalcctoimied rats (from dc Ilarxcn, and 

Tlic mito-es of eo mopliil graniiloci tos are not inclinl^l 
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inito?e« Soon howe^ er the number of mitoses md metaphases begins to rise 
and it Is clear that this increase is roughly hnear durmg the first four hours 
Hence anj quantitative nnaljai', of cellular growth <hould consider mainb the 
mitotic and metaphasic index curves between one and four hours After four 
hours at the time when the mitotic arrest ceases to be effective the number of 
mitoses decreases rapid !3 and after eight hours is almost normal 

The dotted lines (fig 1) indicate the behavaor of adrenalectomized animals m 
jccted with the same do^e of colcemid The «lopc of the mitotic index curve is 
the same as m the mjected intact animals but the action of colcemid is much 
longer At «ix hours the number of arrested metaphases still n es Bej ond a six 
hour penod considerable v anations arc found from one rat to another and m 
fact the spindle poi onmg lasts for more than e^ht hours in certam cases It has 
been concluded that the adrenal hormones help the cells to overcome the «pmdle 
inhibition caused by drugs such as colcemid and other spmdle pOLons * Adrenal 
ectomized rats when mjected with cortisone behave hke intact rots The favor 
able effect of cortisone on the spindle function is comparable to its action on 
muscle contraction * This effect has been al o demonstrated m other tisjues of 
the rat and m particular with the hair bulbs * 

From this data how can we calculate the duration of mito«is’ It seems prefer 
able to consider the penod extending from one to four hours for the following 
reasons (1) the nutotic arrest is complete dunng that entire penod—no more 
ana telophases ire visible (2) the hnear increase of the mitotic mdex suggests a 
simple accumulation of mitotic figures In three hours the average mitotic mdex 
rises from 12 per thousand to oO per thousand Supposing that the total number 
of bone mirrow cell* has not changed during this short time the mitotic duration 
calculated from the formula m — (t X //» *) vrould be equal to (12 X 3/o0) - 
0 72 hours =* 43 rmnutes 

The abov e figure can be chocked bv calculating from the metapha«e index in 
stead of from the mitotic index The former rises during the same penod from 5 
to 4o A similar calculation «hovrs that the rnctaphase lasts for 20 mmutes. The 
raetaphasic percentage m controls is about 50 per cent The percentage of anj 
giv en stage being proportional to its duration the entire mitotic cj cle should last 
40 minutes which is in agreement with the duration calculated ibov e 

If the mitotic index du'cctJ^ proportional to the duration of mitO'is and 
about 1 per cent of all celL are undeigoing mitosis at an 3 moment the length of 
intermitosis ‘^ouW be one boiidred times longer than tbit of mito«is i e “2 
hours This means that the duration of the expenment is considerabl 3 shorter 
than the mitotic C 3 cle 

The e expenments aLo provide data about tbe relative mitotic growth of eo¬ 
sinophilic Ieukoc 3 tes and other celt The increase of the mitotic index of eosino¬ 
phils IS one third of that of the other bmic marrow cells and the calculated dura 
tion of the eosinophil mitoses was found to be about 120 mmutes * On the other 
hand the mitotic index of the eosmophils m noninjected ammaU is about the 
same as that of the other cell If their mito«is la'ts three times longer their mi 
totic mdex should be three times higher unle«s one supposes that the interrmtotic 
time for eosmophils, is iLo three times limgcr ThL« howev er can onl 3 be «ug 
ge'ted with caution font entails the ewnpanson of a complex population of cells 
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of one tjpe—the eo«mophils—and of a ‘'till more comple\ popuktion of cells of 
two pnncipal tvpcs—neutrophil ^nuloqtw nnd enihrobJa'Jts >«eierthele«>, 
as no endence of “resjat-ince ’ of the eosinophils to the action of spindle poisons 
has l>een obsen ed, the \ co *‘lo« nse ctf their mitotic mdex after spindle poisoning 
can on]> be mcplamed by the longer duntion of their mitosis 

DisccssiON 

The first authors uho studied the mitotic increase m tt«sues after the injection 
of colchicine' “ behe\ed that there was a simple relationship between the num 
her of mlto^es found after the action of the drug and the duration of mitosis be 
fore this action This opinion is correct onij m certain theoretical conditions® 
Does a complex tissue such as rat bone marrow permit a studj of this tj pe? 
The first condition is that the statbmokinctic poison should arrest all mitoses 
rapidlj after its injection into the animal Hgiirc 1 shows that al! mito‘-es are 
effectuelj brought to a standstill within one half hour Because the mcrca'-e of 
the number of metaphasea la linear from 30 minutejs to 4 hours after injection, 
which indicates a ^ndual accumulationof abnormal metapha<e-*, we can ba«c our 
calculations upon the«e figurci 

The second condition is that the intermitotic penod should be aeiy much 
longer than the duntioa of mitotic arrest From the calculated figure of 72 hours, 
it would seem that this condition is fulfilled However, «omc cells mav have o 
much shorter intenmtosis hut it is unhkcly that it should be as short as four hours. 
This is also well demonstrated l)> the results obtained in adrcnnlcctomizcd am 
mals The progressu c decrease of the stathmokmetic index after four hours is 
not the result of a short intermitotic penod, nor is it due to the ah. ence of colls 
capable of entenng mitoMS, as Joumoud” proposed To the contrarj, after ad 
rcnalcctomj the mitotic count n-'CS at the same rate for at least six hours, and 
longer m «ome animaLs 

Tins action of the adrenals bnogs into the foreground another condition the 
drug must not de*.tr 03 an} celfc> It is known that most •■pindle poisons—and 
colcemid is no exception—do cause cellular destruction after the metaphase 
arrest Piscitclh'® has shown that in the experiments related above such a de 
stniction takes place After six hours, there i'* no mere ise m the numlicr of ana 
phases and telopha«ex, 1*5 w ould l)c expected if the arrested mito-es w ere to com 
plete their cjcle once the spmdie recovered Mo^t of the poi'-oned mctaphiscs 
appear to be dc«troj cd This is importaut m underst inding the decrease of the 
mitotic index after four hour* but docs not appear to mothfv the gradual in¬ 
crease of the stathmokmetic (metaphasic) index dunng the fiiM four hours Ac 
tualij, cellular destruction can easilj be overlooked m a complex tissiuc like tiu 
bone marrow, especiallj if it i« mpid 

Another caU'-e of error is that (he bone m irrow c-innot be considered homoge 
neons from a mitotic point of new It is impossible to know whether all the ecll 
divisions proceed it the svmc speed It has alrcad> lx?eji pointed out tlvat one 
cell t^-pe the eosinophil granulocvtc, hx>s mitoses which nppireiitl} List much 
longer tlvan those of other cell-* M o, m a difTerentiatmg tixaie it is most proln 
able th.it the duration of the mtirmitotic penod v vnos according to the stigc of 
dilTercntiation 
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Lastlj, ^\hlle it can be a'^^umed that the bone ma^^o^^ la m a stable «tate i e , 
the number of cells produced b 3 mitotic growth equals the number of cells leav 
ing the bone marro\\ this I's not certam after the action of colchicine This has 
long been knowai* to rapidlj increa. e the number of leukocj tes m the circulating 
blood bj a mechanism uhich remains unexplained Considerable errors could 
appear in our calculations if colchicme sweeps a great number of cells out of 
the marroH as some authors beJieie it does 

Consequentlj e\en when the arrest of mito es bj colchicine or anj similar 
poi on IS complete and the increase of the mitotic index is linear the precLse cs 
tuuation of mitotic duration is onlj theoreticalli possible 

Another difficultj maj arise from the diurnal changes of mitotic acti\at 3 This 
has not been described m bone marrow but is important in other ti sues Muhle 
mann et al ** ha^ e demonstrated the influence of the diurnal rh 3 thm on the mi 
totic arrest by colcemid m rats They compared the effect of the mitotic poison 
nine hours after injection m da 3 (restmg) animals and night (active) am 
mal5 ^\’hereas the mcrease of metapha«es m the duodenal erspts was about the 
•^me in the two groups (fix efold in da 3 animals sixfold in night amraals) the 
differences were con'iderahle m tb 3 roid and buccal epithelium In the thyroid 
there was no apparent change in the mitotic index m day animal while it in 
creased «Lxfold m night animals In the mouth epithehum the difference was still 
greater In day animaL the mitotic index ro<€ from 4o 7 to 8o 6 In mght rats 
the n-e was from 8 9 to j07 o 

"N 0 conclu'ions about the duration of mitosis can be donx cd from the e figures 
In the day animal^ while the number of mitcees increased under the effect of 
colceirud the number of new cells entermg propha«e must hax e decreased con 
eiderably In the night animals the abnormal increase after mitotic poisoning 
can be explained by two factors the physiolc^c stimulation of rmto is and the 
accumulation of arrested metaphaces If «uch figures were utilized to calculate 
the duration of mitoses for buccal epithelium in the day group the duration of 
mitoses would be about 4 hour- and m the night group about 40 minutes In any 
tissue which shows diurnal xariations stathmokinetic poi ons cannot be used 
for such purpo-es On the other hand it is exadent from these results that colcemid 
proxides an mteresting tool for demonstrating the importance of the diumal 
changes 

Simibr difficulties arise w hen colchicine is used m hormone-stimulated tissues * 
Alany di-cussioiis about the mitotic stimulating properties of colchicine could 
haxe been axoided if the changes of the mitotic rhythm m the control animals 
had been more carefully considered The colchicine method of measuring the 
duration of mitosi'? in a tissue where mitotic mdex la increasmg leads to results 
which contradict what is known about the duration of mitosis by other technics 
Thus applies for instance to the first experiments of \Uen et al ' who calculated 
mitotic durations of less than lo minutes to those of Leblond and Allen on 
pigeon crop glands stimulated by prolactm (16 mm ) and to the Ia«t paper 
publahed by A P Du«tm’ who also found a considerably increased mitotic 
index This implied either that colchicine stimulated mitosis or that the duration 
of nutosis was less than 15 minutes In all the«e expenments colchicme acted at 
the same time as a powerful hormonal stimulant of cell dixa«ion Other methods 
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for mcTSurm^ the duratjoii of mitosis and mtermito^is %\ ith ‘•pindle pot oiis hav e 
been proposed «uch as the rate of disappearance of normal mitoses m ti«sue cul 
tures treated bj colchicine ’ It is knotm that under such conditions the spindle 
effect IS ne\ er immediate beginning onij 10 minutes after the “tart of the exper 
iment The disappearance of the normal mitoses /ollons an exponential Ian It 
t'i ea-sj to mea ure tb it penod of time after nhich half of all normal mitoses hai c 
ended The authors compare this half time of metaphasps n ith tho e ob'en ed 
with radioactue elements Such n compari on is open to criticism for the dura 
tion of nutosis \anes within clo'C limits and cannot be compared to the deca\ 
of radioactue atoms a\hich \anesbetween 0 and infinitx The calculated x'alucs 
agree bowexer rather well with Iho e of other author^ The duration of meta 
phases m mcgalohlasts is found to lie iO minutes The percentage of metaphases 
being 20 per cent the duration of (he whole mitotic c^cle would he oO mmute« 
The objection to this method is that it does not depend on po«itne facts but 
upon negati\ e ones i e the absence of nomud mitotic figures Thts means that 
the method can be used onIj under certain conditions as w ith cultures in x itro 
where bj the action of colchicine the spmdle x ant he« complete^ In injected 
animals arrested metaphases ma) have the N>-called star appearance which 
indicates the per'i tance of a «mall but inactixe spindle Tlic distinction between 
star metapha«e and normal ones can be cjuite difficult To this cau«o of error 
we must odd the difficult} of detenmnmg the length of the penod of latenc}, 
which jna> not alwajs bo «o clear cut as in the example given bx Aetaldi and 
Maun * 

Other aspects of the «tathinokinetic method are not di cus. ed here and in 
particular the ca c of exponential growth which ts often encountered m rapidl) 
groxxang tissues tumors plant raenstems etc A mathematical treatment of the 
significance of the mitotic index m such conditions has been gixen bj Hoffman 
For this author the mitotic index is ao longer the relation htp between the du 
ration of mitoas and intermitof-i', but rather this rebtionship must be divided 
111 the simplest conditions b} !n3 = 0 693 For instance in experiments xvhere 
Lettr6 * estimated the mlto^e•> to last lo nunutes xxith the colchicine method 
the correct figure xvould be 24 minutes 

Alention should be made of the careful mathematical analxsis! bx Exans et 
al * of the growth m root menstems A contradiction can be found m their re 
suits whereas the calcuLated xalue for the duration of mito is is3 9 rfc 02 hrs 
the mitotic index nearly doubles Ittween the fir>t and the fifth hour after the 
action of colchicine This w ould mean m our opinion that the ax erage duration 
of mitosis IS about two hours The c authors believe that the accumulation of 
mitoses after colchicine is an exponentiallj mcrea«mg function of time How 
ex er their graph for three different concentrations of colchicii e acting during 
four houis show s a linear increase of metaphase® 

Scxnunx 

Tlie mitotic arrest b> desacetyl "N meth>l colchicine m the bone marrow of 
the rat is given as a model to lie used for calculating the mitotic duration by the 
stathmokmetie method The limitations and difficulties of this liave liecn dis 
cussed The complexifj of measuring mitotic durations m ti-s ue® is underlined 
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en if stathmofxinetic poi'Ons are unreliable from a quantifatn e point of \ne\\, 
they remain an excellent tool for the stud\ of mitotic grow th The results ob¬ 
tained, hoMcxer, f=hould alwajs be checked bj other technic'i 
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Discussion 

A S Gordon t)r Dustin, tme of jour metaphasp stages in adrcnalectomized rats 
slides indicated a persistence of the mamro treated with colchicine Our laboratorj as 
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well as tliat of Crafts, has {IcmoDstntcd 
the (lc\ clopment of an anenua m salt-mam- 
taintd, adrctialectoaiized rats, associated 
with a reduction m the absolute numbers of 
nucleated red blood cells witlim the mar 
ro« It seems possible that jour observa¬ 
tions may shod light on the mcchom-ms 
ttndcrljing the .anemia and ciytbrtad mar 
row hjpoplisia in adronalectomued ani- 
raals I n ould like to ask j ou how adrenal 
tortical steroids affect the mitotic block 
produced bj coltliicmo 


P Dersns In au adrcnalectomizcd am 
mal, mitoses arc norm.il Ilowever, when 
eolchictuo IS given, the duration of mitotic 
arrest is much longer If 5 ou giv c thc=c am- 
mals cortisone, then, the duration of niitotic 
arrest returns to normal It appears as if 
cortisone IS m some manner useful for the 
spindle function Tljiamaj be related to the 
observations which show that corti'one is 
also useful for muscular contraction Spin¬ 
dle function has often been compared to 
muscular function 



Determinalion of Leiikocjle Pool Size from Parabiosis 
and Cross-Transfusion 

By D C Dtke and H G Parker 


J^ROM THE fact that cro«s tninefu<aon of leukocytes in large numbers from 

a normal to an aleukopoietic animal fails to equalize the Ieukoc> te count of 
the tn o animals, n e know that either leuLocy tes hai e a v ery short sumi al time 
jn the circulating pool, or that they are being diluted m an exceedmgly large 
pool that IS in equilibrium mth the circulation or a combination of the two 
How much more than this can be learned from the cross transfusion expenments? 

The parabiotic cross tran«Ju«aon expenmcnt that we reported oe\eral years 
ago’ miolved a relatiielj slow rate of exchange of blood from a normal rat 
to an aleukopoietic (10 times the blood \oIume per day) and an obseiwation 
period of sufficient duration It was assumed that on the fourth day of the ex 
penment a steady •‘tate had been reached In a steady state, the ratio of the 
leukocy te lei el of the producing to the nonproducing partner is a function of 
(1) the rate of transfer of blood between the pairs, (2) the \oIume in which the 
leukocytes are diluted and yet remam in equihbnum with the circulation or the 
leukocyte ‘ 'pace ”* and (3) the aierage tune the leukocyte 'pends in the leu 
kocyte space \lthough we know (be leukocyte leaels and the rate of exchange 
of blood between the partners, we need to know the leukocyte space in order to 
calculate the aa erage time a leukocy te 'pends m equilibrium with the circulating 
blood, or we need the average life to calculate the «ize of the leukocyte «pace 
However, by knowing the leukocyte count and the rate of exchange of blood, a 
'tmple calculation shows that the nonproducing partner had a net gam of 12 X 
10* leukocytes per hour to maintain J4 X JO* leukocytes present in the circu 
latmg blood at any one time, or a total time spent m the circulating blood of 
approximately one hour I wi'-h to re emphasize that from the'e data alone one 
cannot determine to what extent the leukocytes are in equilibrium with extra 
circulatory pools or with large numbers of leukocytes sequestered within the %-as 
cular bed The average time of one hour repre-euts the total intracirculafory 
time, possibly including several migrations in and out of the circulating pool 
If the leukocyte space were 10 times (he blood volume, the average time spent 
in the total leukocyte space would be 10 hours rather than 1 hour From the=e 
data alone one cannot determine the total number of leukocy tes in equihbnum 
with the circulating pool 

Pool size can be determined by observ mg the effect of addmg a diluent, by 
ob-ervang the dilution of added matenal, or by observing the effect on concentra 
tion of addmg or removing a known number of cell" Hollmgsvvorth and Finch' * 
have done a large amount of very careful work m vihich they have vaned the 

From the Donner Laboraton o( Medical I’hjsics University of California Berkeley 
Calif 

This viork was supported by the U S Atomic Fnergj CommisMon 

• To be defined in the same wav m is sodium space i c the theoretical volume in which 
the leukocytes would be distributed if the concentration were equal to that of thenrculat 
ing blood throughout 
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Fio 1 —U hife «U level-* of the hlood of paral lonts an 1 eontroN following irrndiatioa 
{from A an Dj ke «nd Huff) ‘ 

experiment'll model in n number of so is to gue some idea of the size of 
the leukocyte space b> the effect of dilution on the leukocyte concentration Bj 
rapid eichinge tnn fu«ion with leukocyic free blood contiining labeled eiyth 
rocjtes it nas demonstrated that the onimil s erj throcj te dilution rate iras 3 5 
times as rapid is the rate of fall of the leukocyte concentration, indicating that 
the immednteb exchangeable leukoc^ te pool is 3 5 limes is hrge as the red cell 
pool This may he mobilirition from the capilLirj irills from the tissue spaces, 



Fio 2 —Arterial blood le ikoc\te counts dunog and after a tj-pical cross circulation cx 
penment (from Hollingsworth, Finch and Chang)* 
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or from any other contnbutor to the immediately a\-ailable leukocyte pool, but 
the total number of leukoc\ tes contnbutmg to this pool mu«t be 3 5 times those 
actually present m the circulatmg blood ITus expenment i\as done mth an 
extremely rapid rate of exchange (one blood \olume per mmute), the entire ex 
penment taking only an &\ erage of four mmutes, so that the influx of leukocy tes 
from ultimately exchangeable pools xrould be negbgible 
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Tiq 3—Fsll of arterial blood leukocyte counti of irradiated rats after ce«ation of 
cro s-circulation (from Hollingsworth Fioch and Chang) * 

The«e authors did a «enes of cro«s transfu^iions comparable to the prcMOU'Iy 
mentioned parabiotic experiments, except that with the aid of i mechamcal 
pump the rate of exchange of blood was 24 times as rapid os that m •mrgical 
parabiosis (10 times the blood \olume per hour) If one takes the number of leu 
kocy tes transferred to the aleukopoietic partner, minus the number returned, 
one obtains a net loss of 420 X 10* leukocytes 

The average concentration in the donor was 6 X lOVml and in the recipient nas 
3 X lOViul The average weight of the pairs was giien as 250 to -400 which means a blood 
\oIume of 15 ml and the rate of transfer of blood was 1*0 ml in the SO minute period 
of the experiment Thus 840 X 10* leukocytes entered the aleukopoietic animal dunng 
the 80 minute penod and 420 X 10* were returned giving a net lo«s of 420 X 10' leuko 
cy tes dunng the 80 minutes of observation 
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The lo*?? of this number of leukocytes reduced the concentration m the donor 
bj 65 per cent Thus, 420 X 10* leukocytes is 05 per cent of the total present, 
giving G40 X 10* leukocj’tes present at the beginning of the experiment This is 
4 3 times as many leukocytes as were present m the circulatmg blood at the be¬ 
ginning of the experiment, mdicaling that the aiailable leukocyte pool is effec 
ti\dy 4S times the blood xolume The difference m the previously obtamed 
value of 3 5 and this value of 4 3 can be explamed by the fact that durmg the 
80 mmutes required for the experiment, a certain number of leukocytes entered 
the immediately evclmngeable pool from the ultimately exchangeable Jeukocj'te 
pool The rate of exchange between them niU be considered liter 



Fio 4 —Leukocyte changes w>th massive (50 ml) repKeement tran«fii3Jons Leukoey te 
replacement with leukopenic blood was cwied out at rates of 4 to 20 ml per minute in 5 
groups of animals The mean percentage decrease in leukocj te count tor each group during 
the procedure was compared with the decrease m an adiTiatnic system as typified bv the 
line of erythrocyte replacement (from Holhngbworth, Berend, Silbert, and Finch) > 

One finds that during the penod of cro» circulation the recipient maintained 
an av erage leukocyte lev el of only 50 per cent of the donor Thi^i concentration 
resulted from a net gam of 420 X 10* leukocytes during the 80 minute period 
of ob'^erv’ation The av erage number present m the leukocyte pool of the recip¬ 
ient, if we accept the value of 35 times the blood volume ns the immediately 
exchangeable leukocyte space, was 180 X lO*, so that enough leukocj'tcs enter 
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the blood to replace completelj those contained m the circulating blood nine 
times per hour or to replace the immediate1> available leukocjde «pace 1 75 
time-* per hour, giving an average sumval m the leukocyte «pace of 3} minutes 

'\\Tien the cro«.s circulation was abruptl 3 terminated and the disappearance of 
the leukocjie number plotted as a function of time there was a rough!} expo¬ 
nential disappearance that had a half time of 27 minutes or an av erage survaval 
time for leukocj'fes in the leukoc}te space of Sd minutes, which agrees verj well 
mth the 34 minute value obtained above If we accept this value for the imme 
diatelj av aihble leukoc} te pool and use it in the analj «is of the surgical para 
bio«is we find that the avenge lime <pent in the leukocjte pool is 3 5 hours, 
rather than one hour 

Because of the rapidit} with which the«e expenments were conducted the 
34 or 39 minute values represent the average length of a single «o;oum in the 
immediatcl} available leukocyte «pacc The average life of a leukoc}te in this 
pool is 39 minutes times the number of sojourns m this pool 

If one Is willing to combine the data of Hollingsworth and Finch for rapid 
exchange experiments with the data from «Iow exchange expenments where 
equihbnum between the pools is a«sumed to have been cstabli hed • the analv«i9 
can be earned one step further Since (he average length of a single sojourn m 
the immediatelv available pool was found to be 39 minutes and the total time 
spent in this pool was found to be 3 5 hours there mu't be o «ojoums from the 
ultimatelv av ailable pool into the unmediatel} available pool 

From the fact that the disappearance of leukoc}"tes after stopping cro«s trans 
fusion IS roughiv exponential to 20 per cent of the initial value it is apparent 
that the leukoc}tes of the immediatel} exchangeable pool are a part of a much 
la^er ultimatel} exchangeable Ieukoc}tespace This space has a minimum value 
of 5 time-) the immedutelj exchangeable pool or 17 times the blood volume 
The ultimatelv exchangeable pool then conMilutes a rmmmum of of the leu 
kocj te «pace It the leukoc} tc <pace has a minimum v aluc of 17 times the blood 
volume and the average life m the blood is 1 hour then the average life m the 
leukocj te «pace for leukocj tesasa whole is 17 hour« Lsing the differential count 
from surgical parabjo«i« one obtains a minimum mean life for l>mphoc}tes of 
170 nunutes X 17 or 48 hour* and a minimum mean life for granulocj-tes of 23 
minute'i X 17 or G o hours 
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Discussion 


G Brfcher I tiunk tliat the most im* 
portant thing in considering the general 
problem of cell proliferation is that one 
has to examine the assumptions veij care¬ 
fully One of Dr Van Dyke’s assumptions 
IS that the exchange of white cells is the 
same as that of red cells Howexer, white 
cells tend to marginate, and I find it rather 


difficult to accept the idea that m the capil¬ 
laries, jomiDg parabiotic rats, the nlutc 
cells mil moie at the same ‘'peed as the 
red cells I have seen many photographic 
records of capillary streaming which have 
shown a tremendous dcla> of granulocjdcs 
in transit 



The Transfusion of LJ^llpllocJ'tes in 
Experimental Animals 

By i Govi 

1 \ \LL the mammah'in species ‘^o far e\amined a ^ er\ hrge number of cells 
enter the blood eich daj from the mam Ijmphatic ducts in the neck 0\er 
90 per cent of these cells are small Ij mphocytes If the number of Ij mphocj tes 
jn the blood remains roughlj constant and if l^Tnphocj tes are not rapidlj de- 
'Jtrojed m the blood (for which there is no good endence) then large number? 
of Ij mphocj tes mu«t lea\e the blood each daj for some unknown destination 
Thoracic duct cannulation alone 'how s that the number of Ij mphocj tes entering 
the blood w ould repkace all tho^ in the blood «c\eral times daily in the dog cat 
rabbit and rat '* In the rat for evample it has been c‘«timated that the com 
bmed outputs from all the mam Ivmphalic ducts would replace the blood Ijm 
phocj tes about 24 times each daj '* If this figure is accepted then rat Ij mpho 
c^’tesmu t'pend ontheaieragc about one hour m the blood before thej migrate 
into the tissues The problem is to identifj the sites m the animal where Ijm 
phocj tes lea\ e the blood «tream and to account for the «ub«cqucnt fate of the e 
Ij mphocj te« m the tissues • 

One c'spenmental approach to this problem has been to transfuse labeled or 
unlaboled Ij mphocj tes mto the blood of an animal and then to locate them at 
\anous time' afterwards m its tisues There is no theoretical reason whj an 
experiment of this kind «hould not pronde the crucial demonstration of the fate 
of Ijmphocs'tcs la the animal if the following technical requirements could bo 
fulfilled 

1 Tlie cell which are trun«fu c<l <hould be tho'e which normallj enter the 
blcKKl and circulate m it that i« hTnphocjtes from the mam Ijmphatic ducts 
or Ij mpheej-tes which haie been isolated from the blood A number of workers 
ha\e «tudied the fate of «u pensions of Ijmph node cells after mtraienous in 
jection Such Ivmphoid cells haie been found in the h\cr and spleen ' and in 
the h mph nodes and bone mairoiv* of the recipient animals Ccrtamlj Ijanphoid 
cells will function and cien proliferate in the tissues of a recipient animal as 
experiments on the adoplne tranefer of immumtj ha\e shown Howeier the 
results which follow the injection of Ijmphoid celK mto an animal raaj not lie 
due to the actmtj of «mall lymphoc\ tes The Ijmph nodes contain a number of 
cell tjpes which probablj ncier enter the blood under phjsiologic conditions 
anditraai bethe«e and not the«niallhmphocj te^i who efateisbeing olxeiacd 
The re ults of injecting «u«pen‘?ions of thjanus cells* are also difficult to interpret 
since the functional identitj of thjmocj'tes and «mall Ij-mphocjtcs has neicr 
liecn demonstrated 

2 The rate of transfu ion «hould be approximateh that at which Ijmph and 
1\ mphocj tes normallj enter the blood m the rat for example 1 to 2 ml /hr 
and 20 to 80 X 10* cells/hr would be phj io1<^c rates I\'hen concentrated 
pensions of cells are rapidlj injected into a xem or an arferj and are found a 
From tf e S r tVjIliam Dunn School of Pnthologj Oxford l>n ver<it\ England 
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short time iften\nrd? m the Jung* “ and in the Jodne>,* rc^pcctnelj, the fir=t 
suspicion must l>e that the capillaries in these organs baie been erabolizcd 

3 The tran^fu'jed cells must lie uh^e when thej enter the blood of the recip¬ 
ient animal Probably the best entenon of anabilitj for Ij mphoc\ tes is motilitj 
in a itro If the transfused h mphocy tes are found m the h\ er and m the ‘spleen, 
it mu^t bo carefully Bhm\Ti that these organs are not merely clearing the blood 
of cells nhtch mere killed or damaged during their experimental manipulation 

4 Since a transfu‘'ion of Kmphocyies is m effect, a homograft, the donor and 
recipient ammab ideally •should be gencticaUv identical In pncticc, this means 
that they should be members of the ^me highly inbred ‘stmiu This tcquireraent 
js e*' ential when the fate of the transfu«ed oelU la bemg followed for many da\ s, 
it may not be e‘i*ential for erpenments laetmg a dai or two Some endence of a 
reaction agamst the donor lymphocytes was obtained m albmo nts which had 
been tran'^fu'^ed continuously for four days with thoracic duct cclU from a «encs 
of hoo<led rats ’’ 

a Tlie tran''fu‘5ed cell* •'hould he accounted for quantitatuely in the recipient 
animal The physiologic tumoxcr of the blood lymphocytes is strikingly large, 
and it IS of little interest m a transfusion experiment if, for example an odd la 
beled lymphocyte is found m a particular organ or tissue 

k technic m which an attempt was made to meet the«e requirements ha« been 
described elsenbere * ' Bnefls, thoracic duct Uunphocy tes were collected from 
one or more donor rat's and were tran'^fused «Jowly and for penod> up to •'Ci en 
dats into the blood of other rats of the same highly inbred strun Tlie cell 
pcn‘»ions wore pumped into the femoral acui of the recipient rat at ibout 2 
ml /hr , and the concentration of lymphocytes m thc«c FU>^pcn«ion> did not e\ 
cced about 40 X 10‘ celU/ml The tran'fa«ed ly mphocy w cre ah\ e w hen they 

entered the rat <»ince microscopic observation of •vimplc^ taken from the outlet 
of the pump «houed that the cell* were motile The thoracic duct of both the 
donor md recipient nts was cinnulated by the method of Bollman Cam, and 
Gnnilhy * After operation the rats were placed in restraining cages where thev 
remained, imanae thctized and m good condition, for penoU-? up to 11 diy's 

Results or La'iiPHocxTr Reinflsion \nd Transfusion in Rvtn 

The rapid tumov er of the blood Ivniphocyics is doduceil com cntiOTi illy from 
the high output of cells during the fir«t day after thoracic duct cannulation It 
was found, however that m order to maintain this high output for penods longer 
than one or two days, it was nccc'-sarj to rcinfu-'C contimtDU''ly into the blood 
all the lymphoey tes which emerged from the fistula ® AVlicn either cell free ly mph 
or lymph which contained killed hmpliocylea was rcinfuseil, n «=tead\ fall m the 
output occurreil similar to tbit dt«cnbed ba "M inn and Higgins * It appeared 
that the continuous entry of hvang Iv mphocy tes. mto the blood was in <ome w iv 
es. ential for the mainteinnec of the normal output of lvmphoc\te> from the 
thorvcic duct The mccluni'»m b\ which the remfuvett (vmphocvtcs mnucnced 
the thoracic duct output was studifHl m a M.ncs of cxpenmoiit*- in which Ivm- 
phocytc"! were tr-vn«{u«cd Ixitwcen memlicrs. of a highU inbred strim of albino 
ml ’ luider j vanetv of londitions it wa-s found tli-at an intravcnou-tmn fu«ion 
of hmphoev tes. rc«ii!ted in an incre-w in the output of Jimpliocv te< from the 
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thoracic duct of the recipient animal Thus the lov, output of mphocideo which 
followed the prolonged drainage of Ijrmph from a thoracic duct fictula could be 
restored to a normal level, the nonnal level could be more than doubled when 
a tmii?fu«ion of Ijmphocj'tes was combined with the rcinfu'ion of all the cells 
that emerged from the recipient s own thoracic duct The incrence in the output 
amounted to about 80 per cent erf the number of cells tran«fu«ed It was felt that 
the extra cells that appeared m the thoracic duct must have onginated m one 
of two wajs Either thej were new cells which had been formed in the Ijunph 
nodes of the recipient animal in response to the Ijmphocyte transfusion or the 
transfused cells had recirculated from the blood into the Ij mph An autoradio 
graphic studj of the incorporation of tntium labeled thj midine into the deovj 
ribonucleic acid of thoracic duct Iymphoc> tea showed that the mcrease m output 
was not due to the formation of new cells It seemed hkel 3 , therefore that the 
transfused l 3 mphocjtes had somehow found their wa 3 back into the thoracic 
duet J 3 mph This pos-ibilitj vras tested by transfusing P* labeled lymphocytes 
into a rat About 20 per cent of the total radioactiv it 3 and 40 per cent of the 
radioactiv el 3 labeled lipid ongmaU 3 present in the transfused cells w as recov ered 
over a penod of four to five da 3 s from the cells m the thoracic duct of the re 
cipicnt rat This expenment was regarded as pronding crucial evidence that a 
substantial fraction of the transfused cells had recirculated from the blood into 
the lymph The rapidit 3 with which the radioactive lymphoC 3 tes appeared in 
the recipient s I 3 mph together with the high recovery of P** labeled Iipid was 
thought to rule out the possibilit 3 of a massive destruction and reutihzation of 
the tran fu«ed I 3 mphoc 3 tes in the I 3 mphoid tissue of the recipemt It should be 
added that P** is by no means an ideal Label for expenments of this kind and a 
considerable loss of radioactmt 3 from the more rapidl 3 exchanging phosphorus 
fractions in the transfused !> mphoc 3 tes no doubt occurred dunng the four to 
five days of each expenment 

Theexpenmental demonstration that small l 3 mphocvtes which are transfused 
into the blood can be lai^el 3 recov ered in the thoracic duct I 3 mph w ould prov ide 
a satisfactoiy explanation of the apparcntl 3 high tumov er of I 3 mphoc 3 tes m 
tlie blood of normal animals The exislence of ^uch a recirculation in the normal 
animal ls slrongl 3 supported by the demonstration that the rate of formation 
of new small l 3 mphoc 3 tes docs not keep pace with the rate at which l 3 mpho- 
C 3 tes are discharged from the thwicic duct ^^’hcn intium labeled thymidine 
w as infuicd into a rat for the first 12 hours after cannulation of its thoracic duct 
less than 2 per cent of the small lyunphocytes were labeled m each of the four 
successive 24 hour collections of lymphocytes while almost all the large and 
medium lymphocy tes collected during the fiist two day s after cannulation w ere 
lal clod ^ In the rat the large and medium ly mphocy tes make up roughly 5 per 
cent of the total thoracic duct cells A low rate of new ly mphocy te formation 
was aL o found by \oiTey Everett and Reinhardt ^ in the guinea pig After a 
single dose of tntium labeled Ihy midme 2 0 to 7 0 per cent of the total thoracic 
duct cells were labeled over a penod of several days A recirculation of lymph 
ocy tes Ls the only by pothc is which can satisfactonly reconcile a high daily out 
put of Ivmphocy tes with a low rate of new lymphocyte formation 

The route taken bv ly mphoev tes m pa^ng from blood to lymph is not known 
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T«le 1 —RadioacUitty *n the Organa of a Hooded Rat (irf 2^0 Gm ) 
that had been Tranafuaedlnfratenouttgicilh P” labeled 
Lgmphocylea and then HtHed It houra Later 



c p m /too m* wtt wt. of t ssue 

Mesentcnc Ivmph nodes ' 

20 

Submaxillarv Ijtnph nodes l 

191 

Thoracic lymiph nodes 

166 

Deep Cervical Ijmph node® 1 

•’45 

Spleen 

1 145 

Thvinus 

i 0 

Femoral bone marrow 

1 36 

Liver 

1 12 

Kidne> 

1 2 

Lung 

1 2f 

Ileum (including Pejer s Palche®) 

1 40 

Ascending Colon 

' 46 


Total number of celli lran’'fu«ed S X 10’ >n 11 hour* 

Total radJoactt^Ttj in trsa»fu«e<l cell* 11100 c p m 

Total ndtoactntt^ recovered m recipients thoracic duct cells up to time of killing 
noo c p m 

LMnphocjtes were collected from the (honcic duct of two hooded donor rat® each of 
which had received a total do e of 05nc/Gtn hodj weight of P” ns loorgamc phosphate 
The Ijmphocjte® were \\a«hcd and then traosfn«ed into the femoral vein of another hooded 
rat of t! e «amc inbred ‘trun Portions of the organs from the recipient rat were weighed 
and then digested in hot perchloric acid Tberadioactivilv in tl c digests wa® eoiinte I in a 
G M liquid counter to give an error of lc«s thin 3 percent 

Sjotnll* «\igge«teci thnt l>mphoc\tew entered the tKuc ^paec'i nnd returned to 
the Wood tia the penpheni Ijniphaties, hut this route probabl} neeounts for 
tinlj a smaft fnction of (he thoracic duct output ‘ ’* ft ><? pOv'»i6fc (hat the mnin 
channel of recirculation tm> lie through the l>mph node'' for there is cMclencc 
tint l>mphocites ire nlded to l^unph ni Urge numben a« it pa es through a 
no<!e' Since the expenments uilh tntium Jalwled th^ nudine '^UBgo^'t that tho'-e 
addition'll cell's are not newlj fonned in (he node'' prenimablv thej nre cxtrictctl 
b} the nodes from the circulating blood Turthcr «nipport for thi idea comes 
from preliminirj experiments m which P** lalwled IvTnphocjtes were transfmed 
into the blood of a nt ind the radioaclmti of its org ins determined it vinous 
times aftenv irds The results of an expenment of (In') kind arc “hoim m (able 1 
It cm be «oen tint the Ijmph nodes and the r-pfeen hi\ e conccnlnted the I'llielci! 
colls to a grciter extent than an> of the other tL'wues eximined In thn expen 
ment it was c tumted tint almost 50 per cent of the lot il ndjoactnjt> which 
ms ongmall} present jn the tnn<fuscd Ijmphoejtcs ms recovered 12 hours 
httr m the Umph nodes spleen and (homcic duct cells of the recipient nt 

Ki FI nrxcf^ 

1 Paelr U D Thecell ilnr content of chvlcinrcKtion tolvmpl 01 ltis« tern I fat trnii-H 

portation Xnat Uec So 20" 219 1033 

2 Bollman J T Cnin J C imlCnndlsv J H Tocl niq ics for thecoUection of I>mpb 
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131<> 13,'» 191^ 
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Cellular Migralion Streams in the Hemopoietic Sjslem 

By J "M Yoffe\, N B Everett W 0 Reinhardt 

Ti'* RECENT 1E4RS we ha^'e been uiclicung more and more to the \Tett that 
there maa be a number of cellular migration streams between different parts 
of the hemopoietic «tem In the preeent communication, we dl^cu«^ tlwee ‘nich 
possible streams, namelj (4) From It/mphmd Imue to hone marroic (B) /raw 
hone marrow to lymphoid tmue, {C)/rom the thymue to the remainder of the lymph 
Old complex The blood is the common channel through which the c migrations 
occur The genera! concept maj be presented lu a «imple diagram (fig 1) 

Streaw a rpoji Ly\rpMoiD Tissue to Bone Mirror 
The existence of a cell stream from the l^Triphoid tissue to the bone marrow 
has been postulated as n remit of a numlier of findings Among the«e, one maj 
bneflj note (a) The lugh le\el of l>niphoc>tc production m Ijrmphoid tis'Oic, 
(b) the pre«encc of large numbers of liTnphoc\tes m the bone marrow, with no 
evidence of their hai mg been formed there, (c) the dei elopmontal potentialities 
of the lyniphocjie, (d) the oegati\e ob errntion that, apart from the hone mar 
row, no reallj satisfactory destination has been eugge«tcd for the m*\nj Ijonpho- 
evtes that are continually being formed The interest of the problem la tiilianced 
bj the fact that all these findings baic f>cen the ■nibject of acute control ery 
In the present di‘'cu««ion we shall deal pnmanl> inth the high Ie^cl of Ijm 
phoc>te production Other x«pects of the problem haNc been reMowctl fulli 
eLewhere' “ “ ” 

Estimates of lionphocjte production were ba«ed m the fir«t instance on the 
cells m thoracic duct lymph ‘ « Sjo\ atl^* argued tliat the^c cells 

must be recirculating between blood and U mph and could not l« new 1\ formed 
Tlus concept has htel} been rcuved by Cowan* '* ” who has ertentlcd the ob 
setaations of "Mann and Higgin^” on rats with prolonged thoracic duct fi«tuh 
4 offej and Drmber,** comparing the cell content of peripheral and centni! Iv mph, 
concluded that most of the cells in the thoracic duct l^onph of the cat and dog 
were newli formed 4offei, ITmks and I\eJl 5 * working wath guinea pig'? en 
dea\ored to correlate the hi toii^ic structure of Ijunphoid ti-siie with (he quan 
titatue stud> of ljmphoc\te output Thej al o estimated BN A tumoier and 
used tbi'! as a measure of 1> mphoc^ le production Botli the^ ai enuc' of approach 
led to the ‘'ime conclusion (hat for (he mo*t part thoracic duct lianphomte? 
wore newIj formed cells* * ** ** 

In ammaU with thoracic duct fi^tulac the blood hmphocste^ though thc\ 
nc\ er disippear complcteU, eahibit a marked fall that can Ixi attnbuted to their 
Icaimg the blood for the Ijinpli, which i* then drained nwa\ \'Ui the fi«tiila In 
such cases, however, far more lympliomtcs can be recovered from the Ivmpii 
than disappear from the blood Thus Rcmh inlt using unpublL«hcd d it i from 
the experiments of ''hrew buiy ind Runlunlt “ found tRat the thoracic duct 
Ij mphoevic*’ could range from 14 to 75 times (he number dt-oppcinog from 

From t! e Depirlmpnt« ot tnatomv UniTer'ities o( Rn^tol I nglind Wa.*h 

and Berkcle> Calit 
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CELUULAR MIGRATION STREAMS 



eONC MAflftOW 


Fju 1—The diagram illu trateslhepo sibilitiesofcellularmigration ind rated bv arrows 
(A) tromaplecn tb\inu« and I-mphnodelobonemarron (B) From bone roarron to «pleen 
tlTOw andliitipl node (Cj From tb imw to «pleen and bmph node 

blood From Got\an» data “ one maj calculate that in three rats the thoracic 
duct Ijmphocjics ranged from 13 to JO limes those lost from the blood The 
e\cc^s of thoracic duct Ijmphoc^ies maj be readil> understood if most of the 
cells arc neulj formed It is alo explicable m terms of the recirculation h>poth 
e«i« if the Ijmphoid ti'sues are pnmanlj r^ons a here Ijmphocjtes are «tored 
rather than formed If thi^ view correct prolonged cannulation should cause 
a ste^d) depletion of the lymphoid tis.ues nhicb should graduall) dimini h It 
would be interesting to see whether this reall} happens Lnfortunatelj neither 
Mann and Higgins” nor Gowans’* report on the state of the 1> mphoid tissues 
m their e\penmciits 

There t? further the problem of the normahtj or otherw l e of rats immobilired 
for manj daj ^ in the Bollman cage 1 orcible restraint m\ ohmg struggling on 
the part of the animal i* a potent method for the production of stress Does the 
Bollman cage admittedly without obnoui a lolence produce significant degrees 
of stre^ and metabolic up et^ This t. an important point which must be clar 
ified before one can draw anj aailid conclu ions from these fistula experiments 
Iti of course well known that metabolic disturbances can exert a deprc'^ant 
action on lymphoid tis.ue ” In the experiments of Gowans '* the aiiimah appear 
either not to ha%c gamed weight iiormalh dunng the expenmental penod or 
e!«c to haxe lo»t weight appreciably 

hrpertmenls Tl itk Trtlium Labeled Thymidine 

Meln\e recently performed experiments with tntium 1 ibeled thxmidine” 
Till-. 1 ^ bche\td to be rapidh and specifically incorporated into newly formed 
DN \ *’ and m xacw of its precise localization in radioautographs' seems to be 
suitable for stud\ of coll formation ” * Gumea pigs were gi\en a single intra 
peritoneal or intra\ cnous injection of tntiated thyanidme and at x"aryang period 
aftcrw ards both the thoracic duct lymph and the lyanphoid t is. ucs w ere examined 
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Table 1 —Appeai-aKctg of LtAftled CelU tn Thoracte 
Duct Lymph tftcr Thymidine Administration 
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The results of one short term expenmeot (0-4 hours) and four other expenments in 
\^Illch Ijmph was collected after giving thymidine 


for hbeled cells In t'lble 1 are the results of a short term experiment, anti it tnll 
be «ecn that alreadj m the first hour, there arc an appreciable number of labeled 
cells in the bmph Imtnllj, these are maml> large and medium bTnphoc> tes, and 
in nhat «e term the SDF (Size Distnbution Formula) there ore os yet no «mall 
lymphocj'tes Labeled <911111 b'mpbocj'tes begin to appear m the third and fourth 
hours After “oi oral daj s (table 1), six to set en per cent of the lymphocytes in the 
thoracic duct Ivmph are labeled, and the SDF gndually liters, so that more 
and more of the labeled celU arc small lymphocj tes The^e thoracic duct dita 
for several reasons do not permit precise quantitation but they do point to sub 
stantial nen formation of small Ij mphocy tes and ire uot m accord w ith the con 
cept of either large scale recirculation" or reutilizition 

Our re-ults ui the gumei pig” appear to conflict ni(h tho'C m the nt " We 
cm only surmi-je that this is due either to a marked species difference or to the 
fact that the nt with a chronic fistula, immobilized m the Bollman cage, i'^ not 
companble to the normal animal 

The Stgmjicancc of Ike Germinal Center 

The germinal centers m the Ij mph nodes also show heaiy labeling, indicating 
that they are regions of actii’e, new cell formation \ot all germinal centers label 
equally , this la what one would expect from what is known about cyclic changes 
in them* ** " In some centers, Mitually every cell was labeled which would 
seem (i) to confirm the cy topoietic function of the germin il center, (b) to rule 
out rccircul ition (c) to rule out aLo large ‘^calc reutiliration 

Samte Mane ami Lcblond" estimated that m the ca«c of the thymus (hett. 
were eight generations lictween the pnmiUxe reticular cell and the small lym- 
pbocyto Though we have not Ixrn able to make a sjnuhr calculation for the 
other Ivmphoid t^‘^^uc^ there seems to be no doubt that the broad concept ls 
correct 

\offey ct al" concluded tint, though lymphocvte formation could proceed 
without germinal cintcrv, the latter constituted a booting mechanism that 
came into play when mcreasod production of hnipljocy tes was rerjuin-d In ad* 
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dition It maj well be that the p?nniiml center is a region of maximal genetic 
pLi'iticit> Thu-i when antibody production to stimulated it is probable that 
geneticaih ncwcr«trainsof cell3areproduced*ItLspO‘«ible that the«enew genetic 
protot\ pe-! appear na a result of modifications in the germinal center Leduc et 
al* ha\e chorni that the firvt eiadence of antibodj formation is m pnmitne 
reticular cell Thto does not of eour=e mean that Ijmphoid tisaue is excluenel^ 
concerned with antibody formation or tlut the germinal centers are specific 
organs for the formation of gamma globulin** The germinal centers are to be 
regarded rather as re eiaes of pnmituc and undifferentiated celK which nor 
mallj are concerned with Ijmphocjte production but which m re^pon«e to anti 
genic stimulation can de\ elop in part into antibodj forming cclh> 

STRE.iit B From Bo\e ’kfiRRon to Laupirofo Tissts 

The po ibilitj of a cellular stream from bone marrow to IjTuphoid tissue has 
come to the fore onlj m recent jears following studies of irradiation damage 
and protection again«t «uch damage by cell transfusion or shielding In the fol 
lowing paragraph I am assuming that the C'sential factor in transfusion and 
shielding e^penmcnts to the pre ence of cells whether or not there is an adju% ant 
humoral element The earlier experiments designed to re colonize marrow de 
stroj ed hj irradiation scr% ed to distract attention from the fact that cells from 
the marrow might re colonize other ttosues Thej did demonstrate howe\er \erj 
coiuincin„h the filtering out of cells from the blood stream into the marrow 
and the jariou members of the Ijmphoid complex Ford et al ” using donor 
cells with an atjpicil chromo omc noted that Dmdiiig celU containing the 
marker chromosome ha\e al o been identified in spleen Ijmph node and thj 
mus' Comparable results with a xanetj of biologic markings were obtained 
bj other workers® *♦ ** 

It was al 0 shown that transfu ed splenic celK could colonire bone marrow 
and h mph nodes « »* (i,j seeding of artificial cell suspensions ha\ c anj 
countcrpirt in the intact animnP Jacolison'* and KapJan** showed that merclv 
shielding the spleen gave n>^ to earlier and better regeneration of marroa and 
Ijanplioiil ti-s«ues It should perhaps lie noted that the spleen m the smaller lab- 
oratorj animals usualh contains era Ihropoietic and occasionallj granulopoietic 
foci 

A number of oliseracts found that transfusion of marrow cells into irndiated 
animal stimulates the regeneration of Ijmph nodes and thjmus* '* '* ’* 
Here loo the problem an c of whether cell cnnnormallj stream from the mar 
row to the Ij mphoid tis ucs the thigh shielding expenments of Kaplan and 
Broaan** uid the shielding of ectopic marrow bj Storer*® seem to indicate clearlj 
that such must bo the case 'Naj^reda and Ixaplan” further found that shield 
ing the thigh of hj pophj «cctomized mice during irradiation cffectiaelj promoted 
complete regeneration of hmphoid tissues 

Kaplan et al ' cndca\ored to identifj the protectue agent in bone marrow 
and concluded that it was closclj associated with marrow cell highh radio- 
scnsitiao and less effeetne when giicn intrapcntoneallj Ml this seems to point 
to actual cells Howeaer thej cite the work irf Cole * which suggested the pos 
sibilitj of subcellular fragments being inxohed But smee the matenal to be 
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effectne must bo made available m reHtnclj Jarge QuantitiO'* and Ja not higldy 
potent*^ *®and «ince there ippears to be i quantjtati\e rchtion‘-hip between 
tlie number of nurron cell« tran‘^«®cd and the *!pce<l and extent of thjTnic re 
generation it '■eems thit m all probabibta it is actual cells and not cellular 
fragments that are re'^pon ible for the protectiic effect If the protection is con 
ferred b 3 actual cells the question nhtch at once arue^ is What is the cell con 
cemed’ In a cu«pcnoion of bone marron, a possible cell to con ider would lie 
either the pnmitue blast cell or the reticular cell Tlie pnmitne blast cells arc 
fen m number * and the reticular cells «iiil fewer ^ Trom uhat -ue know about 
the cells m guinea pig marrow ” the roo t numerous cell and aL«o tho e most 
hkelj to be responsible for the recolonization of Ijiuphoul tissue and (hjraus 
are the small Ijmphocjtes and the transitional cells That these should m pirt 
colonize thjmus and bmph nodes after the mtmaenous transfusion of marrow 
suspensions is not too difficult to accept But if thej do so after marrow shield 
mg the implication is that numbers of these cells can normal!} leai e the marrow 
In pre\ lous studies ” “ the as umption lias been t hat the large !> mphocj te 
population of the marrow is relatiiely static that Kmphootes stream to the 
marrow from the blood nnd remain there An anal>«is of the xanous transfusion 
and shieldmg expenments suggests that this ts pos«ibl> an o\ ersimphCcation 
It may well be that the lex el of limphociics in the marrow is n diai irnic rather 
than a static equilibrium and that there ts a constant tumoxer of the mirroxx 
ll'mphocj’tes This could ha\ e the effect of making the marrow a 1 irgo and readil} 
ax ailabte l> rophocj tc ro orx e from w hich K mpiiocj te^ can lie drawai much more 
speedily than tho formatixe lymphoid ti'&ues where time is required for their 
formation whereas in the marrow thej arc not formed but toreil andareaxiil 
able for immediate dcluerj Once howexer the l>Tnphoc 3 tes m the marrow 
liegin to grow and differentiate the} are then withdrawn from the mobile pool 
One additional finding may be idduccd in support of tfu concept ft lias tieen 
noted elsewhere” that considerable numbers of Ijmphocxtes mix be found in 
the marroxx einu«oids a phenomenon de^cnliod as Ij mphocj te loading If as 
has been su^e^ted the floxx of blooil through marroxx smu oids can Ik. inter 
mittent Ij niphocj tes could sccumnhtc in stagnant sinu oids and be imm«!i ifelj 
swept mto the circulation xxhen the flow of Mood is resumed 

Sthe-xm C I BOX! Tinxins to Reximmier of laxipnoin Complex 
The rel ition lietxx cen the thj miis and the remainder of the lx mplioid complex 
has been the subject of speculation for manj jears ** Ivmdrcd on the b im? of 
mitotic counts m lo and 20-daj old albino rats concluded tlut the thxmus is 
the mo t actnc producer of IjmphoQlesm the bo<i>, md tlut its Kmphocxtps 
help to imintam the Ijanphocx te population of the lx mph node Tins of course 
would moan a constant cell «lreim xia the blood Andre-i cn and Chnsten m* 
found tint in xoung animals the thxmus had four to six times as nnnj mitoses 
IS did Ijmph nodes \ndrca.«cn and Ott<>cn* found that the tumoxcr of I)\A 
was two to fixe times ns ictixc in tho thxTnus as m other Ijmphoul orgui« fhe 
picture thus is one of acttxe cell proliferation in the thxmus with cells pn>ajm 
ablx entering tlic blood uid «cttlmg m other Ijmphoiil tissues If this ts o tiicn 
the thjmus mu t lie re^irdcal aa the poremiker of the Umphoid orjriijs the 
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Jeadcr of the Ijiriphoid complex Is there nnj c\ idence to support this concept? 
■McEnd^ et al’* hT\e «hown that thjmectomj mirkedl^ dimmiehes the occur 
rence of spontaneous Ij mphomata ra certain high leukemia strains of mice 
I\aplan’' found that m Co7 bhck mice the incidence of radiation induced Ij m 
phoma waN airtually aboh<hed bj preliminarj thjTnectomj Furth and Boon'® 
were of the opinion that the thymus acted as a source of malignant cells but 
that remo\ al of the th> mus had no <0 stemic effect apart from this The fact that 
tumors may develop m a thjmus grafted from a normal to an irradiated thj 
mcctomiaed animal®® indicates that the thymus itself maj be influenced bj extra 
thjmic possiblj cellular factors 

H the thjmus is continually producing cells to repleni h the lymph nodes 
then thjmectomj should result m appreciable changes in the«e nodes with di 
minishtd Ijmphocjte output in conso<iuence It was from this angle that we 
ourseh ea approached the problem The thymus was remo\ ed m y oung male 
guinea pigs which reached a weight of appro\imateI> 400 Gm 40 da 5 s after 
operation BTiercas in 10 control animals the mean hourly output of tlioracic 
duct Ijmphocjtes was 18 9 ± 37 X 10* 40 da^'s after thjmectomj the mean 
hourlj output in seven ammak was found to be 8 4 ± 1 3 X 10* This was an 
unexpected result for we had anticipated that a compensatory hj'pertrophj of 
the remaining Ijmphotd tKsue would maintain Ijmphoejte production at its 
pro thjmectomj level The diminution in Ijrmphocjte output after thj-mectomj 
could readily be explamed on the assumption that a stream of cellular reinforce 
ments from the thjmus to the IjTiiphoid tissues had been cut off Such an ev 
planation would imply that even without these reinforcements Ijmphocjte 
formation in the Ijmphoid tissues could continue though at a reduced rate It 
could be argued however that the thjmus supplies some hormonal factor such 
as the Ij mphocj to«is stimulating substance of Metcalf " in the absence of which 
Ijanphocjte formation is diminished One would have to assume then that even 
without such a factor a fair degree of Ijmphocjte formation could take place 

Fichfelius ® transfused cell suspensions from animaU that bad been given 
r®* and followed the fate of the labeled cclb in the recipient animals He con 
eluded that the spleen receives from the (hjnvus a stream of celh which act as 
plasma-cell precursors Pla«ma cells arc not normallj formed in the thjmus 
itself 

Thijimc Dejiletion 

The changes in the thj'rous following irradiation may sen e as another poftsible 
approach to the problem Ivaplan and Brown** noted that in mice recovering 
from irradiation the weight of the Ijmph nodes recovers slowlj whereas thymic 
weiglit rebounds vigorously to an abortive peak at about lOdajs There i» then 
a more gradual hut sustained recovery which mav require as long as 70 to 80 
daj s to reach the control baseline The secondary sharp decrease m w eight is 
not av.ociatc(l with histolc^ical cvadence of a new wave of cellular radiation 
damage The explanation of this bizarre oscillation must await further ex 
pcnmental studj It is interesting however that no secondarj inv olutional pha«e 
occurs when thjanic regeneration is promoted bv spleen or thigh shielding or 
bone marrow injection 
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Tiic fall in thymic ^\ eight ^\^thout of damage could be attributed to cn 
ce'isive depletion of cells that are needed elsenhere, probably both in lymphoid 
tissues and bone marrow Harris*** has shorm that m guinea pigs recot ermg from 
irradiation, the marrow takes up enormous numbers of lymphoc^dea during the 
first fortnight or *50 of the recot cry period If the other members of the Ij mphoid 
complex are aKo rapidly remonng lymphocytes from the blood ‘stream at the 
'lame time, one could readily imderafind the thyuiiic depletion and Iov> of weight, 
without the organ damage Though Ibis explanation would fit in with the ob- 
•serted fact«, it is difficult to concei\e of a mcclmnism. by wluch the e^-cape of 
cells from the thymus could be controlled 

The \aew that the thy mus is depleted by the hea\'y demand for cells receu o& 
further support from the final observation quoted from the paper of Ivapbn and 
Browm ” Amniala whose recovery was promoted by thigh or spleen «hieldmg or 
by injection of marrow celh, did not <how secondary thymic involution The^e 
procedures would doubtle‘« promote earlier and more complete rcgenerUion of 
lymphoid tissue, and bone marrow, and in consequence les^en the need for large 
nuraberjs of cells from the regenerating thymus 

SUMVLVRT 

The blood cells can migrate from one part of the hemopoietic ‘jystem to an 
other Three migration streams are proposed for the lymphocy tes, namely (V) 
From the Ivmphoid tissues to the bone marrow, (B) from the bone marrow to 
the ly mphoid tissues, (C) from the thyunus to the remainder of the ly mphoid 
complea 
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Discussion of Ljmpliocylc Recirculation 


L D Hamilton One point of Dr Co¬ 
wans’ work dc«cnes! emphasis After 24 
hours only a «mall proportion of the «mall 
Kmphocites, hJijcIi constitute S5 per cent 
of the lymphocytes, were labeled It is im¬ 
portant to remember that if onh 5 per 
cent of the total lymphocjies are Lbeled, 
this maj represent almost 100 per cent of 
one cell type There seems to be no cLa«h 
at all between Dr Yoffey'sand Dr Gow 
ans’ figure*, both indicating quite a long 
life *pa!i for the «mall lymphocyte 
N B Embctt One point on which I 
would like to seek counsel w ith you gentle¬ 
men IS the problem of the weak bbelmg 
of the small 1\ mphoevto* «cy era! days after 
thymidine administration If we take 
lymph smears, six to eight or more <lays 
after thymulme administration, wc get a 
much larger number of lymphocytes la¬ 
beled mo-t of which are small, ireakh la- 
beleil cells (Di-cussion fig 1) 

J L Goyyaxs I should haye thought 
that Dr A offey ’* figures* for the proportion 
of thoracic duet lymphocytes which incor¬ 
porate fritiat«l thymidine do not support 
the idea that the majority of the small 
1\ mphoey tes iii the thoracic duct of guinea 
pigs an newly formed colls If only 2 to 
7 per cent per day of all thoracic duct cells 
an* Hlx-led for «cyeril days after a smglc 
injection of tritiatcd thymidine, then one 
wonders where the other 90 per cent or so 
come from Assuming that the period of 
DN A sy-nthesis occupies a substantial part 
of interphasi, a single injection of tntiated 
thymidine would be expected to label a 
considerable fraction of a single ilay’s out¬ 
put of ly mphoey le^ if this output were 


mamtaincd by the continuous formation of 
new cells The 2 to 7 per cent of total la 
beled cells presumably includes dunng the 
first day at least, the medium tad large 
lymphocytes which, we all agree, incorpo¬ 
rate tntiatod tlmnidinc yers rapidU 'ITiis 
reduces to rather small proportions the 
rate of proiluction of small lymphocytes 

It has been «uggest«l that in the guinea 
pig the magnitude of the DNA turnover 
lu the hmph nodes is sufficient to account 
for the obwrved output of cells from the 
thoracic duct, and that this fact makes a 
large scale recirculation of lymphocytes 
in the guinea pig very unlikely There are 
two points I should like to raise here First, 
I am not clear how studies on the mcorpora 
tion of P*" into the DNA of lymiph nodes, 
can gne any reliable information about 
lymphocyte production Second, the figures 
for thoracic duct ly mphoey te output in the 
guinea pig arc based on cutting the duct 
m an anesthetized animal and collecting 
the Ivtnph with a pipet for a total period 
of two to three hours* In the rat a single 
two- to three-hour lymph collection would 
give a very inaccuryte indication of the 
actual output of cells when compared with 
estimates based on 2J hour collections of 
lymph This is particularly true for a two- 
to three-hour collection taken immediately 
after the operation The guinea pig and the 
rat may differ in the extent to yyhich the 
thoracic duct lymjihocvte output i» mam 
tamed by a recirculation of cell* from the 
blood, but the data for the guinea pig, m 
my view, do not alloyy thL-> conclusion at 
present 

Finally there is the problem of the fate 
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of the large and medium !3Tnphoc\-te^ In 
the rat, the output of thcN. cpU' falU onlj 
slightlj on prolonged drainage of Kmph 
from a thoncic duct fistula Thw together 
iwth the fact that nrtuall^ all the brge 
and medium hTophocides m rat tliorscic 
duct hmph become hbcleil when tntiated 
th\Tnidine is infu'ied intra\cnQud\ for 12 
hours, makes it ^prJ hkelj that their out¬ 
put IS matntaiaed m the nit lij the eontmu- 
OU8 fomiation of new cells in the Ktuph 
nodes 1 do not think it can \ct bt detitled 
whether the larger I3 mphoejdc's turn into 
the small or whether the two classes liaie 
independent pneur-org and independent 
fates 

T M loFFEi If small l\mphoc>te& 
don’t come from large and medium hmpbo- 
c^tes where do thci come fronP 

In rephmg to the point winch Dr» 
Gowans and Hamilton made, I think it is a 
little fallacious to sav,” Ml onU 6 per cent 
of sntall h mphoci tes are blx leal and there¬ 
fore the n.-t of them must Iw recirculating ” 
I would leaa*e it to the (himidmc pundits 
like Dr Quastlor, to gi\i. aou the full 
8tor> Howeicr, if jou gno a single do«c 
of th}*niidine, it is taken up m a matter 
of 10-15 minutes, but it onh hlwfs a «mall 
part of the growing population— 

(r«oa Till TLOOB Oi or half dept ndmg 
on the cell population ) 

J M \orrEt Take it as 50 per cent, 
winch would double the figutc, Ihougli the 
studies of Firket’ seem to throw doubt on 
this The other more important point is 
Uiat thvmidine makes computation tliffi 
cult Iwiausc JOU get cells liberated oier 
mam tla\'s from a precursor pool If jou 
could compresa the rolc-i-e o\'cr a short 
time aou would get a muih truer nlea of 
the actual new cell output 

Finallj nobodi dt«p«tes that there i> 
some ncirculation of iMnphocvtes Dr 
Dnnkcr and I, trjing ha what wc thought 
then was a tomincing approach (nameh, 
raniiulating pinphiral hinp)i.atu> and 
'tiKlung the «H content of jienpbersl 
Imph), ohsened that there etrtainh were 
some small hmphocales recirculating but 
wi cdculatdl Out thea win. onU a small 
percentage of Ihi. total, lulwcon 3 and 5 
pir ont Tliere mai i£>ncen"abh lx? an 
Clin higher iierontagi reeirtulating in the 
rat Hut now it is quite clear to ns, on tl»e 
f asis of examin ition of our guinea pig ma- 
tonal containing main gi nnmal center* in 



f>i:*ctssios Fie 1 —Uadioautograph of 
tlioracic duct Umpli from guinea pig 
da\» alter receiving I of U* thsrai 

dine 

which prat-ticallj tiers ceUtaU‘«up D\ k, 
Hut there j* len «ubstantul new forma¬ 
tion of hmiphoeites (Di«eii«.ion fig 2) 
To suggest that the hulk of tlicm are recir¬ 
culating nil tlu time ju«t does not fit in 
nith these findings. 

S Pr/mi Inthiaregml wedid tlic fo! 
lowing The thoncic duct of a dog was enii- 
nulatcil Inuphocjtcs collected hlieleil 
wath r** wa«hctl and tlun n infused The 
dog was followed for a« long ns three dajs 
and bb(3«l cells were nticr seen m the 
thoriew duct The tnnsfuecd ctlN wen 
\iabie. or apiieanul \iahh on bupnuital 
staining and phase mu.ro«copN Me fed 
that theri were a sufficient iiuml>cr of cells 
infused so tliat thej ehouM haie been 
detectwl m the thoracic duet 

J Asioilus I wasacrj nnu.h e-urjiriMd 
to hear Dr Pirta’snMilts Mcdula“imilar 
e\pcrjment Honcirr, latead of lalxlmg 
tlic Isinph 111 iitro afhr eoHection, we 
treated tin. donor dog w itli fractional don's 
of P” for scicrat dais prior to cotkction 
of Ivwph Following infusion into recipi¬ 
ents, the Fjucific actiiiU of D\ \ in the 
hinph wis ftiwh z<xl I nd« r Hk-*' condi 
tiniLs we found son significant Ijaiiph 
reorcailaliou \ nmilar cM>«nmtnt was 
done with tntiated tlmnidme Mlicn m 
\itro laliehnc technics wm u-sal, large 
numlars of Large Iraiphw 1 wire Li- 
bekxl Tliei did not reeifciilate Mefotiml 
a fiw in liono ntarrow and Ijmph nexh-* 
On the other hand if we protreat n d rg for 
several daas with (ractioiwhsl do-c* id 
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Discission Fic 2—Radioautograph of an active gerromal center from the aupenor 
mesentenc 1} mph node of the guinea pig four hours after the intravenous adnunistration 
of I #>c/Gm of II* thjmidine X C06 

tritiated Ihjimdine and produce some b 
bcling of the «mall Ivmphocj'fos we see 
some small Ij-mphocj-tes recireubtmg 
We have laWed m vitro human brge 
IjTnpliOcvtes collected from thoracic duct 
cannub These did not seem to recircubtc 
to anv appreciable evtent followmg mtia 
venous infusion although we did sees few 
in bone marrow So I suspect that there is a 
significant recirculation of small Ivmpho- 


cjles However most of the brge ones get 
caught either m Ivmphoid ti-sue or bone 
marrow 

J M "i OFTEV There la quite a gradua 
tion in the thoracic duct Ijmphocvte out 
put of a senes of animab (Discussion fig 
3) It mav well be that m the rat which 
has the highest output in the senes there 
IS much more recirculation and lc«s true 
formation At the other end of the scale k 
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man with apparecth: the I<rre** }rr*f^^ 
c\ie output of all Thi. aLro applies ja rtKs- 
panng bon** marrovr lrrap^r<^^ d 
onth thote of the lower aainaL wbore the 
i\Tiipho(r\'te populataoa mar be nioch 
higher Vj that thefir^ cairt-oa. Oaeini^t 
be Terr careful before contradictma wi h 
data from anotl er animal 

=ccond pomt concerns a rather more 
careful anah ^ of the recimilation prob¬ 
lem. There an? one or trro paos he-e and 1 
won t be ilapp^ about c\ea attempting to 
interpret experiment like tbo«e of Dr 
Gowan. until the=e gaps are &Iied The ie~ 
cinnilation hipothi>is postulate- that Inn 
phocsie- pass from the blood mto the 
l\*mpb «trcara thrtm''h the hmp^od 
sues and mto the Innph of the thoracic 
duct Now, if vou take a ciMcm hie that 
eaonubte the thoracic duct on the hs'i. 
of Dr Gowan* own calcabUoa the b’ood 
'hould be depleted of its Irmphocvtc- ta 
the cours? of two hour® Now that doem t 
happen and for 24 hours lou get preltr 
iBui the same Inaphoci-te output through 
the thoracic duct vi that it t. more m 
volrcd than «unple recirculation 

\j» I «ee it this can oal\ mean that a lot 
of IjmpLoevtes mu^t <ill be entermg the 
thoracic duct from Innphocrtc re-^nrr- 
If Dr Gowans u nght about the confer 
matiOD of «inaU lnnphoc\1es in the Innpb- 
oid tesue* one would luie to regard thc«e 
«oleU a» Irmpboc^de depots and oxer a 
penod >ou would get a gradual dept tioa 
of the Ivmphoid tnsue- 

J L CoWAX I should like to comment 
on Dr Noffex'^s remarks about the diS 
cu!t\ of accepting the idea of a large scale 
K'mphocx'te recireulation. AI> own vxws 
arc based on experiment., in the rat which I 
interpret a.® showing that Inaphoo'te- 
wl ich are transfused mto the blood can be 
largeb rccoxered m the thoracic duct 
Ivmph ^Tien P® labeled Kunpl oc 3 rtc«-wtn. 
transfused the radioactmtx wa® focaluxl 
predonunantli m the hmph nodir- and the 
spleen at a time when radioactive celL were 
appearing m the tl oracic duct Irmph Thi 
suggests tl at one important route re¬ 
circulation from I lood to Umph max Iw xia 
the h-mph nodes Certamlx the Ivinph 
noilcs of rats mth Jong •ftandmg tl oracic 
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uie^ for thoracic duct Imrahocvle oaipvt in 
dUTerent aninak (Frtra Vo*ev and Co r 
tice gff ‘Cl p 3S3 IVe are ladehtcil fo 

Dr IT O Peinhard for thi figure) 

dcct fctulae looi. depleted o' small hin- 
p*'oevfe^ 

lo the rat alioo*t all the tl oracic iluct 
Ivmphorrte- onginate from the bed dramed 
bx the intestinal Innphatje- * Thtn if a 
ma-nre rmmilatioD of Irmpbocx-tes oc¬ 
cur' the rrvtifi channel from blood to tLo 
raac duct Irmph mu t be somewhere m 
the *pIaachtLC area either in the Inapho d 
tn-ae m thi area or la tV fvi rt-eh \ 
recuTulation through the penpleral Irri- 
phaties of the gut n not exclud'd Iv tl e 
expenisent of \offex and Drinker^ in 
which Terr few ccE. were found in Irraph 
collected from hrd hrh pcnpberal Ixtd- 
phatic® 
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Section II. DNA Synthesis Stability and 
Degradation 

E Chargaff, Chairman 


The Metabolic Stability of Deo'vjTilionucleic Acid 

Bj Waitek L Hdghes 

TT OtiLD APPEAR that mj intended function m this paper is to «et a back 
ground of nell being SothatT^hdeindnidualsmaj ^ttll argue about the iden 
tification of cells and their apalial and temporal relation^ships nevertheless it 
must all be chemistrj and thus b> referring everjuhing to the fundamental and 
mcontrov ertible deOKjTibonucleic acid (DNA) a way out of the moras® mil be 
found Hou et er at this lev el too there is quicksand tnd I liav e chosen to talk 
on the touchy theme Does DNA turn over’ 

Evidence that DNA metabolism is quite different from that of most macro 
molecules J's readtb obtained from a\anet> of sources Thus autoradiographj 
of a tissue culture labeled with a protein precursor giv cs a v exj diffuse dt tnbu 
tion of label On the other hand one hbeMmth the DNA precursor tbjTnidine 
shows label confined to the nuclear region Furthermore onlj a fe v nuclei are 
labeled This shows that DNA sj-nthesis is not proceedmg continuoiislj m all 
cells 

Now it to frequentli sugge ted that protein is made b> RNA and RNA is 
made by DNA «o who makes the DNA’ Untd recently this question was like 
Which comes frst the chicken or the egg? However recent work has made the 
answer obv lous Romberg make* the DNA 

Biosyvthesis of DNA 

Ivoniberg s ^oiip in a recent senes of publications has mapped out a simple 
biochemical system for DNA duplication * * ’ Perhaps m keeping mth the 

fundamentalroleofDNA buteertamb atoddswithitscomplKuty thissjstem 
can be s mphfied to a few components all soluble under physiologic conditions 
Kombergs studies have been primarily on bactena therefore this discussion 
will touch only the high points Dr Potter m a later article may «upph more 
details m discussing Hi's more pertinent mammalian system 
Romberg s group has shown that when a mixture of the four natural deo\y 
nucleoside triphosphates are incubated with magnesium ions and an enzy me from 
E coU in the presence of deoxvnucleic acid as a primer all four of the n icleo 
sides are fixed to the DNA with the liberation of pyTO pho phate 
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rnzjmatic degradation '■hoiis that the-o ire m fact linked as 3 o-diphosphate 
enters through the ‘•ugar in the normal fashion of poljdcoxj nucleotides rurthcr 
more this is not an e^change reaction but true synthe«is and \nth their mo t 
purified enz\'Tne large amounts of net sjTithe«is ha\ c been observed Table 1 
=hon s that not onlj are large amounts of radioactu itv bound but that al-o there 
can lx? a 2 to ‘’0 fold increase in the optical densit> of the mateml precipitating 
a<« DN 4 * If an\ one of the four b3«e=> is omitted from the reaction mature no 
net sj lithe is occur* and onlj a trace of mdioactn it\ is added to the D\ 4 This 
trace i approximateb equualcnt to the addition of one i ucleotidc per molecule 
of pnmcr D4 \ and in fact all (he added radioactn it> can be «homi to be at 
the end of the D\A chain 

These findings agree mcU inth the l>a«e painng of the nucleotides propo-^d bj 
\^atsoTi ind Cnck” as a ro«ult of \ ra> crj stallographic studies on D\A 4 
further test of this hj-pothc is in the isolated sjmthetic sj stem bj substitution of 
analogues of the natunl ba«es has produced substitutions m the srathe ized 
DN 4*but onh tlio«e permitted bj the hydrogen bond requirements of the l^at 
son Crick cheme An outgroiiih of this is their finding that deoayundine maj 
be incorporated into DN 4 in \atro The reason nb\ this does not happen in 
I n 0 Is due (o the lack of an enzyme capable of (npho«pl or} latiiig deoviaind} 
late * 


STRtCTCRB OF D\A 

Ltilizing this concept of base-painng ITatson and Crick ha\e been able to 
interpret the erj elaWographic data m terms of a double helical fctnicture for 
DN 4 ® The details of this structure pertinent to the present discussion are (1) 
Tlie DN \ molecule is composed of two long poljTiucleotide chains coiled about 
each other (2) The«e chains run in oppo ite direction** (3) The pimne and p> 
nmidine ba«es do not dangle but are neatl} packed withui the coil and held in 
place b} «pccific pairs of hydrogen bonds (4) All of this gi\es the molecule a 
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JlETlBOLrC STABILITI OF DEOXTRIBONtTCLErc ACU) S5 

]i)gh degree of ngiditj and ii>flexjbilit 3 , ‘othnt DN4, like miny protein'! de 
natures irrev ersiblj 


DN 4 Replication 

■Non, bo« does the actual replication take phce> Fortunately data on this 
proce-NS are accumulating and again it appears to occur in the amplest possible 
^^ay Me'el'on and St \hb* produced liea\> D\ A by growing cobjn igluco'-e 
salt medium with ammonia as the ««le«!ource of nitrogen Then they followed 
the fate of such labeled DNA as a result of further growth in a medium contain 
mg an excess of the light "N** I'^tope 

To do this they de\eloped a aery mgemous ultncentnfiigil technic If v 
macromolecule such as DNA is diS'oK cd in a concentrated solution of cc-ium 
chloride of density approximating that of the DNA and ultraccntnfiiged the 
centrifugal force tends to sediment the cerium chloride producing a density 
gradient Conseriuentlj the DN \ molecules tend to «eck out the region in the 
s-olution of equal density and after siillicient time irith suflicient tentnfugil 
force all the molecules collect in a band The wadth of thi*» band is of course, 
determined by dUTusion and hence is inicrscly rclUcd to the molecular weight 
Tlie beauty of this method is that icry small density differences miy lie deter 
mined with minute amounts of material Furthermore suicc other types of macro 
molecules such as proteins andeienRNA ha\c \ery different densities they 
may bo floited or sedimented completely away from tlic DNA 

Figure 1 shows the results of a senes of analyses of simple* of DN 4 obtained 
from bacteria labeled u ith lieaxy nitrogen after \aiious numbers of duplications 
in the prt'ience of light nitrogen Notice that ifter only a fen minutes of grow th 
a new and distinct band of lighter DN-4 is formed with the concomitant di* 
appearance of the oiigmal heaw DN 4 which is complete after one geiicntion 
During the second generation a new rtill lighter DNA ippears but no longer 
at the expense of the hea\ier component With still further growth these two 
bands remain, the header becoming proportion itely but not absolutely smaller 
By comparison wath the last analysis which is of i mixture of normal and N'* 
DNA it can be seen that the light band corresponds prcci«eh to normil N'* 
DNA ind the intermediate bind has a dcnsiti ^ust half way m IwtHeeu and 
therefore must be compo cd of eqii il immints of light and bciiy DN \ 

Further proof of the h\ bnd nature of this mtcrinediate DN 4 w as obtained b\ 
heat denituntion Densux gradient cenlnfugition following this treatment 
(fig showed the single band to h xx c lieen repheed by twin bands wliosemolec 
ular weight was h lU the origin il \alue Furthennore their densities were idin 
tical witli denatund N‘^ and N** DNA re pcctnth “ 

A mcclnni m of duplication consonant with the c results and with the double 
str-indcd helical structure is shown in figure t I hi-* aiggests tint the DN 4 
molecule is self complementary, each heh\ being able to act ls i t<nipl itt for the 
form ition of its* other half Tims, Mcsclson and Stahl ha\ e found it the molec 
ular level the meohmism of dupheition for the genetie mitonil which we had 
previously found it the chromosomal level” 
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Fig 1—LItraviolet absorption photographs (left) showing D\ \ bands resulling from 
clen«ifj gradient centrifugation of I>sate9 of bactcna Center column records microden 
eilometnc measurements of the photographic platea Generations indicates the fraction 
of the generation time during which the culture of N“ labeled E rob was allowed to grow 
in S'^-coiitairnTig medimn Viefoie sampling Reproduced from Me«e^ on and StaW Proc 
Nof leaf Sfi b) permis«ion “) 


Chromosomal Replication 

I t\ill now quickh «ketch our eAidencc** “ ^^e chose tritium as the radio 
actn e indicator because of the excellent autoradiographic resolution it prot ides, 
and th\ midine as the earner because of its specific utilization for D\ \ staithesis 
Tlie thj-midine was tntiated by exchange from tritium acetate with reduced 
palladium black as a catalj st (fig 4) After punfication, bj rcpeatetl exchange 
wath water to remote loO'Clj liound tritium, and chromafographx it had a spe 
cific actn it j of iliout “^00 cunes per mole 
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OENSITV —► 

Fto 2 -~The di^octation of hybrid DN \ upoo dcnaturation Microdcn*>tomPtne trae 
iDgs as in figure 1 (center) (A) A miUure of heated and unbeated N ^ DN V from bac 
tenal Ij«stef Note that denaturatton increases the cIeo«it) and aUo isereases the hand 
nidth indicating di«sociatton to a smaller molecular rreight <D) llcatcd denatured hi 1 nd 
DNA Tbe single band in the fourth photograph of figure 1 is now replaced by two 1 ends 
of deasiffes etptal tc the e af (kaataml and \ * D\ 4 shown tn (C) (f?epfodtfce f 
from Meselson and Stahl Proc \al lead Sci b\ permi«sion 

Vicia roots were cho«en for the biologic stem because of pre\ jous informition 
as to tiicir mifotic cj cle Roots ivcre grown in the labeled thj midine solution for 
eight hours resulting m tbo labeling of about one third of the cells TTieii thej 
>\erc transferred to colchicine solution and samples taken for autondiographic 
analjscs at subsequent intcnaN The colchicine prevented nuclear division, but 
not ctiromosomal duphcation Consequently, any lalx'lotl mito'es mth double 
the normal number of cliromosomes must liav e earned out an additional <li\ I'lon 
after removal from the laliehng solution 
Chromosomes at metaphase in labeled diploid nuclei {fig «>) were alnav?? iini 
formly labeled along both d lughter chromatids indic Uing that all new chromo 
sQmes contain new DN \ However after longer interval-m the colchicine s^lu 
tion when tctriploid mitoses appeared (fig 6) onU one of c ich p iir of daughter 
chromatid-was labeled Therefore, thcduplic itmguiut of the cell mu«t Ik a half 
chromosome, and duplication (fig 7) consists in the separation of the comple 
mentary lnlvc«of chromo-onie-followed by thesviithe«i-of new complements*' 
^\e have also found the s,ime mccliamsm m bicttna •* k thymine nyiumng 
mut int of r coll waslabclovl dunngsc\eral generations growlh m 11’ thy midiiif, 
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Fio 3—The mecham«ni of duplication of D\A as proposed b> ^^a^••on and Cnck 
Heav} and light strand' of DNA as measured in the pre'ent studies are indicated bt <had 
ing Each daughter molecule cootains one ne« and one parental strand so that the distri 
butioQ during siiece* tie replications irould be as found (&g 1) (Reproduced from MO'eNon 
and Stahl Proe \o( Aead Sa b\ permission'•> 
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Fig 4 Tnttated thMtudine 


SO that all the D>*A was labeled Samples were then analyzed autoradiograph 
icallj after further growth m nonradioactne medium After one generation m 
nonridioactne medium all cells were «ttll labeled, but with only half the inten 
«itj of the inoculum Howeter, b> the third generation, large numbers of un 
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Fia 5—Autoradiogram of \ici3 chromosomes at meliphase immedioteJ\ after duphca 
ttOQ ^\lth labeled th^Tnidme, showing uniform dHtnhution of label 



Ffci 6 — lutoradiopriim of second daplication of lalfclcd chromosomes in the ‘ili*criec of 
labeled iltMiinhne phowUiB lal'cld »ml unWieled chrorostiils 
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Fig 7 —Diagrarnmatjc representation of mechanism of chromosomal duplication 
Da«bed lines indicate formation and subsequent distribution of labeled DN A through two 
chromosomal duplications 



i* 


Fio 8—\utoradiogram of FrcAerifAia reft lo T labeled by several generations growth 
in tntiated thimidine and then grown for about three generations in nonradioactive me 
diiini Note that some cells are nnlabeled while in other eases the silver grains are «o nu 
merous as to ob«cure the bacterial cell 

labeled bactena bad appeared (fig 8) Thb indicate^; that the nucleus of this 
organism must be a single chromosome, nhich al'O duplicates and is transmitted 
as half-chromosomal units 

The support tthich all of the-« different hncs of evidence lend to etch other 
makes one quite confident of the essential rightness of the over all concept, al 
though refinements and second-order approximations will doubtless prove nec 
essarj all along the line However,therearestilimanv parts of the problem about 
which nothing is known Some which appear particularlv pertment to our dis 
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cussjon are \Vhnt holds the DN 4 molecules toother jh the cbromo'some’ I-? it 
protein^ Is it ilo transmitted intact tothepro^ni?^^Tiat starts and «tops DNA 
^■nthe«is^ Ho« does DNA function^ I^Tiat is a gene^ 

Dofs D\A Tun\ 0\’er TIithin the Cell? 

To return to i more limited obiectue ^^hat beanng does all of this ha\e on 
the u«e of labeled DNA in following cell proliferation’ Is a cell makmg D\ 4 al 
wajs preparing to di\idc’ Ibehe\etbi'>will turnout to be the usual case Punter 
js labeling DN \ to measure the elapsed timebetncen sjaithe^is and mito«3Siii tis 
sue cultures of HeLa cells This time is not constant smce three hours after the 
introduction of the label both labeled and uiilabol«I mito«es arc found Hov\ 
e\er bj si\ to eight hours all mitO'^ are labeled indic iting that the \amtion 
m this period only moderate Howe\er one has onlj to consider poljploidj 
and poljtenj to realize that cell diiision does not always follow D\ 4 •sjaithcsis 
Dr P oods at Brookha\ en has used H* tbj midine to label the pol> tene chro 
mosomes of the sali\ ar> glands of drosophila ** Labelmg beguis at an earl^ hra al 
stage and continues until the chromo«ome»ha\c matured into tremendous struc 
tiires coat uning hundreds of times the normal amount of D\ \ 

But Icaiing out sjnthc'sis of e\tra DNA can DNA be labeled b> exchange 
processes’ Ob\iou«lj the e do not fit into the «cheme outlined Studies on 
synthesis show no e\ idence for exchange reactions Moreo\er Ivomberg s group 
has been unable to rexerse the «^'iithetic reaction which ma\ onlj mean that 
the ecimhbnum is xerj unfavorable 

However what about accidental syailhcsis when the signal ha® not been given’ 
This question cannot be answered from our present knowledge of the s^mthetic 
^«tem but the concept is hard to reconcile with a preci'C mech inism for the 
maintenance and tran«mission of genetic material 

FmalU VI h it about exchange’ Tins can be ea«ily v jsuahzed onl^ at the end of 
the poljauicleotide chain and <mce these chains contain thousands of mom 
nucleotide units on!j a tiii> fraction of the amount of label introduced bj s^n 
thesis could be «o attached and Ihi amount is not likelj tobedetectcdautoradio 
graphicalh On the other hand Zamenhof has claimed that large amounts of 
bromouracil exchange for thymidine m re ting cuUurcb of E colt “ If thi-? does 
occur it must be a unique property of Ills mut int smeef cob is the verv source 
of Komberg s poly merase and htsgroup observes no exchinge More likoh what 
Zamenhf f call exchange is actually continuing synthesis in a popiil ition of cells 
where death balances birth 

However altenntc mechanums of lalieling ccrtamlv cannot be ruled out by 
armchair research Tlie '>j«(ems (bus far desenbed arc not necessanU sensttiic 
enough to rule out other mechanisms 'nicrcfote perhaps the most preciiC an 
swers to the exchange question will come from studies of labeled celts In this 
regvrd Painter s studies in tis. vie culture indicate that cells may be either heav ilv 
labeled or completely unlabeled {fig 9) Thus if exchange takes place in this 
system it must Iw intermittent Such ripid exchange does not «ccm to lie pos¬ 
tulated at the present time Slow exchange following a single admimstrotion <f 
isotope w ill probably not c< nfii e the analv is of cell populations since the Lilicl 
ing precursor will not be present long cnnigh However re\cp«e slow exchange 
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Fio 9 —Autorad ogram of a culture of HeLa cells grown for a few m nutes in tntiated 
tbjm d no (Feulgen ata ned) 

can gne fal«e estimates of cell «ur\nal This m turn then «eems to suggest the 
most critical te«t for exchange the comparison of cell life span as measured by 
sc\ eral bbels 

Reassurance as to lack of tumoaer of DN \ has come from sexeral studies of 
labeled cells in continuous culture Throughout ten or more generations the label 
m DNA has lieen retained quantitatnely m the whole cell mass ‘ * " Hovrcter 
these studies also showed that R\ V was equally conserved and this is certamlj 
at \anance with whole animal studies 

Dav idson s group has rem^ estigated this phenomenon and obtained data that 
markedlj weaken the former ev idence * Thej operated m «lo\\ grown g tissue 
cultures and showed that label was rapidlj Io«t from R\ while being largclj 
but not completely retained in D\A Thus the error seems to be that the inte 
nor of rap dlj growing cells is not in equilibrium with the environment and the 
breakdown products of R\A catabolism are unmediatelj seized for new RNA 
svTithesis within the same cell Consequentl3 the previous tissue culture eva 
donee for DNA stabilitv i« inconclusive However equally inconclusive is anj 
ev idence for DN A tumov er ba«ed on small losses of DNA unless cell death can 
be excluded 

Long term retention of label in DN \. with simultaneous elimination of label 
fromRN Ahasal'^ beenobscfiedin bulk tissuestudieson mammals Dr Potters 
group has provided excellent data on the stabiUtj of DNA in regenerating 
liv er * ^ and it hoped that be will comment further How ev er w e cannot as 
Slimetl at DNAmallcell will behavesimilarlj Certainli Dr Bendich can pro 
V ide ev idence that all DN A is not identical and this maj be related to d ffer 
ent sources of origin (difTcrent cells) m the same tissue 
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Recent publiCTtions by Pelc'* and bj Koenig*® ®erv e to re-emphi**!/© this LN>ue 
Thej claim to b-we «ihoi\n autoradiograiducallj c.\ten«i\e uptake of C“ into the 
DXAof the nuclei of mouse «enunal vehicles and the feline ueuntYia, re^poctneh 
Since the}* used adenine as a precursor, RXA nas heaiil} Libeled, and their en 
dence rests on nidioactnity not eluted bj the action of cold perchloric acid or 
RXase, but eluted by hot perchloric acid or DXa‘-e 

Koenig suggests that this surprising result may stem from the precursor useil 
Since RNA was also labeled, its continuous tumo%er maintained a high !o\ el of 
labeled precursors for both RNA andDNA within the cell’s metabolic pool Con¬ 
sequently, significant incorporation into DNA was possible m spite of the aerj 
slow turnover rate postulated hy Pole 

Before accepting these CApenments, it w important to ask whether the} proved 
that DNA w as labeled No criteria for punt} or spccificit}* of the enrj mes vi ere 
given, and evidence fora quantitative separation vvas inferred from studies on 
other tissues It seems quite possible that extraction conditions nuij varj with 
the tissue studied, and some RNA might remain bound m the nucleus, being 
eluted only after the destruction of DNA If further w ork confirms that the DNA 
m these cells is labeled, can tlits only be interpreted as exchange? Is it certain 
that these cells are not prohferatuig, and if this be so, i& it cert un that thc} do 
not contain extra DNA> 


Conclusion 

In view of the strong and mutually corroborating tjpes of evidence for lack 
of turnover of DNA, I think that the burden of proof is on the di-scoi crer each 
time a now sj stem exhibiting exchange is reported He mu«t first prov c that the 
label 18 , III fact, m DNA, and having proved this, he mu&t 'bow that the 1 vbcl js 
not introduced as a result of sjaithcsi**, i c , that the DN k content of the cell m 
question remains constant dunng the labeling period 
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Discussion of DNA Stability 


L G L.UTIU I should like to mention 
PiAcsesptTnnCTi\sv»Ynrtihrarte 
some reletancp to the problem of tumo\rr 
or «tabiliti of DNA ‘ * He finds that in the 
loner menstematic region of the bean root 
(Mcia fain) where the growing cells occur 
the DNA content lanca from 2n to 4 b 
If he incubates such roots with thxmidme 
he get« a certain gram count let us sax 
about 30 grains per labeled cell Aboxetlut 
region how ex er, there are row s of elongated 
cells whifhdon t mcorponteF’*oradcmnc 
C'* le they don t sxmthc'ize DNA so far 
as we know They contain a remarkably 
coastant 4n amount of DNA without 


transitioual x-alues and without actixe 
CNK sxtAVk*\r HowexTr when ttie roots 
are incubated w ith thxTnidme lie finds large 
proportions (whole rows) of the«e elongated 
cells bbelcd with thymidine and having 60 
grains per cell This 1 am afraid would 
mean on the face of it that the whole 
tctraploid amount of thxTnidino is released 
and exchanged with new thymidine 

Also when Dr Pelc s group repeated 
some of the chromosome duplication ex 
penments of Taylor et al * they found 
that if they omit colchicine treatment thex 
do not get the Tax lor tx-pc of chromosome 
dupheatton but if they u-e colchicine they 
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net c'lactlj the same results as Tajlor 
uonLred if all this might not mdi 
cate an artifact due to coletacine 

\\ L Hdoiies So far as the second part 

the chromcHimal duplication being an etot 
of eolclucine ire hare two ’“*'* *“ 
firm Pelcs unconfinnation Tajlor and 
tiSsis find no eSect of colehicme except 
SOM lanation in duration of lanous ^rts 
S^lto-is but ivhether labeling iras done 
in the presence of colchicine or not IhQ 
obtain the same distribution of label Thej 
Si e not been able to shoiv the-e peculiar 
results that Pelc claims Does Pek toow 

SVkbelisrcalljmDNA orisit,i.t 

in the nucleus? 

L G L-UTIl\ It is in Dn A 
c P Lnupo-ni Dr Hughes sou mcti_ 

?wrne H-'r roulerrf Aether it 

iffio^turuoierofphAors^ 

DNA for forroation of ncir cell® (These 
ImAoiL ° ere made m adult rats and 
mice 1 Dr Smart noted that a group of 
S labeled cells nas prosont in one region 
of the olfactors lobe If there ircrc DNA 
«Tithesis ^vltb formation of new cells there 
Sd he an inerease u, the amount of 
DNA m regions such ns the olfactOD lol^ 
Sr lu our hboratoD detemi.ucd 

the total DNA content o! !°!S 

«itc nf \anous aces and found that us 
DN A content doubled in [“'p 

K ira, concluded that the 'abebng “U 
nuclei lu brain after rniection of adci^im 
Cu or thimrdmrsH" can he ep>'"r' 

DNA Si-ntliesisinth nen formation ol cells 
AT L HcouEi Dr Uhlond <!'<' 
see up to 20 to 40 per cent of certam tjTCS 

“"o'’p“nS,s-u Acs masu^peud,™. 
ronrmTu;;ria“;tr.^“^s|ieXt 

“YThu" It u ™.»fthe*r 

l.no« all the functions of 
tvwsihle that m certain tvpca of ihllcren 
SrS c b DNA might be opcmting qurte 
diOcrcnllj tlian in tie liier ^1 otimr 
trl™i uhirli hare been studied ui».l ex 


tensneh and m which tumoicr has not 
been found , _ , 

L S Kelly The results of Ficq and 
Pa\aii« m giant salmirj gland chromo¬ 
somes should be mentioned At certam 
stages of Ur\al development * 1 ^^^ 
chromosome brands increase their DNA 
content and mcorporatc thymtdme with 
out DNA 6vnthe®t5 in other region® of the 
chronio®ome , . xs t 

W L. Hughes I don t object to tbis i 
thmk tliat there are two points relative to 
turnover Is it DNA? Is there no extra 
DNA? These are cases where there is 
obvnouslv oYtra DNA 

L D Hashlton In fact the amount oi 
DNA labeled in the chromosome i® le«s 
than five per cent of the total DN A m the 
chromo®onie 

\\ L Hughes laitmerelj turnover or 
addition’ 

L D HvMaTON Addition 
A BENxicn Some vears ago we ex 
amincd the question ol whrthcr or not 
DNA was sjTithesued m the bram of odult 
rats Ue u«ed C’ formic acid in metabolic 
expenroents extending over a period of 24 
davs Although there was exten«ive in 
corporation mto the RNA of the brain 
with a rather «low turnover there was no 
evidence of incorporation of the i-otope of 
thu precursor into DNA m the bram 
E P Cbosmte ISe ob«erveil DNA 
labeling ID the brain of our fir®t patient 
who had repeated injections of tntiated 
tbvmidiDC ^^cre one estimating DNA 
synthe®!® bv determuung gro® Iv the =pe 
cific activitj of DNA m whole ti^®ue I am 
quite certam that one would lave con 
cluda! that there was a certain amount oJ 
DNA formetl in the bram looking at the 
bram cells autoradiographicallj it quite 
evHlcnt tliat all of tl c DNA is ?vnthe®iz«l 
bj the microglial cells and not bj the 
neurons Hence there is a ixipulation of 
cdl® not connected with the neurons that 
turns over DNA bj cell division 

W L Hughe® If DNA docs not turn 
over It should prove an excellent ?j«tem 
to utrlixc tlin hiilrogm dntmg tcchmc 
SmccH-hnsalinlllifeoI 12 irors the 
DN A m nonrrnewmg tissues futh as the 
brains ol ol 1 people should hale much le»s 
IP than nt I irth 

I Ciunuiri I, thin, am ei lienee that 
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DN\ la Eichenchia ech exists m the double 
helical «tructure’ 

L D Hamilton I don t understand to 
which preparation Dr ChargafI refers The 
Old} \ raj diffraction photograph of D\A 
from E eoh in the literature' is the sharp 
pattern gi\en b\ the A configuration at 7o 
per cent reKtne humidit\ character! tic of 
the double helical configuration Further 
more «ome Aeais D\A xeas prepared 
from E call hanc«ted during their most 
rapid growth (log pha^c) anl al o after 
mo«t growth hal ceased Both gaae the 
same ciastalline A a ra^ didractton |)at 
terns Tins suggests that DNA maintains 
the same double helical configuration in 
cell* whatcier their rCige of growth OnK a 
small fraction of the DNA moleeulos will 
be engaged in the actual process of dupliea 
tion and hence wc haAC no information on 
the fitrueture <lunng the process it«clf * 

PEFERENCES 

1 Pelc S R Metabolic aciiviti of D\A as 

shown bj autoradiographs Lab In 
>e«t 8 2^0 19o0 

2 — Personal comraunicatjon to L G 

Lajtha 

3 Tailor J II ^ood* P *» andllughes 

L The organization and duplica 


tion of chromosomes as revealed bj an 
toradiUgrapLic studies using tntium 
labeled Ihjmidme Proe Nat Acad 
•tc ^ 122 19 d7 

4 \talker B L and Lebtond C P Sites 
of nucleic acid sjnthe^is m the moii'e 
visualized b> radioautographi after 
administration of C ‘ labeled adenine 
and thimidine Exper Cell Res t4 
510 19 »; 

6 \fe sicr B Leblond C P and Smart 
I Presence of DN svnthe 13 and 
mito IS in the brain of joung aduJt 
mice Fxper Cell Res 14 2^-1 19oS 

6 Ficq and Pavan C Autoradiographj of 

polj thene chromosomes of Rhynchoict 
am angtlae at different stages of Jars-al 
development Nature ISO 9S3 9S4 
m7 

7 Bendich A Russell P J Jr and 

Brown G I? On the heterogeneicv of 
the desoxvribon icleie acids J Biol 
Chem *03 30o I0i>3 

8 \tilLms AI U 7 Discussion in ^pee 

Pub New lorL Acad Sc JS ISO 29o7 

9 Ilanulton L D Barclat U K ^^Ilklns 

M JI F Brown G L IViLon II R 
Marvin D A Epbni si Tajlor H 
and ^immODS N S J Biophi A 
Biochtm C\tol d 39i-t(>4 10a9 



Speculations on tlie Significance of Thyniidjlic 
Acid Syntlicsis m the Regulation 
of Cclliilai Piolifeiation 

BjMounis Fricdmn 

T^ITHIN the pol^^lucleotlde polymer thnt we cnll D\ \ ib a deo\ynxicleotide 
” th^t maj plaj i URique role not shared bj the other deo'?>7iuc]eotit]es on 
the reguhtJoii of cellular proliferation This deoxj nucleotide th^Taidjhc acid 
contains t«o units of unusuil biochemical interest th^rmiie and denvjnbose 
R\ I and D\A share ndemne guamne cjtOMne and phosphate butthjmme 
and deo\ynbose are components of D\A and not of RNA A small amount of 
thj mine bound to nhose has been found m certain IlN A but m general th> 
mine bound to deoxj nbose ts characteristic of DNA 

It IS n rather stnhiug fact that no coenzjine containing either thjmnne or de 
oxyribose i$ known Functions for the lanous ribonucleotides of RNA are well 
knowm but as jet no cataljdic or coenzymatic function can be attributed (o a 
dcoxyuucleotide Deoxycj tidtnc dipho phocholme and dcoxj cytidine diphospho 
ethanolamroc inae been isolated but the functions of these compounds are un 
known * ” 

Does the presence of thymine rather than uracil m D\A hate anj special 
biologic significance? Scheme V (fig 1) a mixture of fact and fiction ispre ented 
as a possible biochemical setjuence of reactions tried and discarded in e\ olution 
m t inch DNA contauiing iimcil was synthesized Perhaps a in smghnk. cell 
which uses Scheme \ exists somewhere 

In Scheme A (fig 1} the hypothetical (bkclj but as jot not demonstrated) 
con\ ersion of nbose to dcoxynbo«o is shown to occur for each of the four nuclco 
tides found in RN \ “ Each of tlie four deoxj'nucleotides is pho phorylated to 
the corresponding deoxj nucleoside triphosphate The four deoxj nucleoside tri 
phosphates then polymerize to form a polynucleotide containing umciL^ D'N \ 
howexer does not ordinarily contain uracil 

In Scheme B (fig 1) are bneflj sketched Inochemicat eaents leading to the 
synthesis of DN \ as thej are non known Tlie comersion of ribosc to deoxj 
nbo e for each of the four nucleotides fcKiud m RNA la considered a hkelj but 
as jet unproved pathway ^®ThcdeovynucIeotidcsof adenme guanine and ej to 
s ne are phosphorylated to the correspond ng deox'jmucleoside triphosphates 
but the phosphorylation of deoxjnindjlic acid to the triphosphate does «of occur * 
Instead deoxjaindj lie acid must first lie methjlated and the thjmidylic acid 
thus formed cau be phosphorj lated to the triphosphate “ 

If Scheme \ at d Scheme B ate compared tl e mcthjlation of dcoxjaindyhc 
acid appears as a shunt pathw ay "Why dd this mcthjl shunt come into exist 
once? After all uncil and tlijanine are xeiy similar Lracil is an acceptable com 

From U e Dopartraent of Tharmacologj Tufts Un ver" tj School of afed cine Boston 
Ma- 

Th “I invest gat on ^vasa pi ortet in p^rt I j an* earch grant (C 2f66) from the National 
Cancer Inst t tc U S Pnf 1 c HeaUh ^rwe 
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SCHEME A 

ASP — dA5P — dASPPP \ 

G5P — dGoP ^ dGoPPP —► . 

C5P — dCoP — dCaPPP 
LoP — dLSP-J^dUoPPP 

SCHEME B 

AoP — dASP — dASPPP S. 

GoP — dGSP -» dGoPPP ^ i 
CoP — dC»P -» dCSPPP ^ ^ ^ 

LoP —dU»P T5PPP/" 

1 t 

I one-<&rbon TaP 

thTa^‘ 

Fig 1 —Known and hjpothetieal pathva)S of D\A«)nthesis start ng with nbonucleo 
tides with special emphas a on the methilshunt concept The sbbreviatiODa u«ed are 
5 phosphates of adenoe ne guano< ne cjtidine und ne fASP Gi>P C5P U5P) 5 pbos 
phates of deoxjadcno® ne deoxAguano<ine deovicjlidine deov>undtne thjmidine 
(dASP dGSP dCoP dCSP ToP) S tnpha«pha«es of deox>adeno«me deox>guanosine 
deoxjcjtidne deoTjurid ne thj midine (dASPPP dGSPPP dCSPPP dUoPPP T5PPP) 
deoxynhonucle c acid (DNA) THFA (telrahjdrofolic ac d) 

poneiit of RNA—whj not of D\A> How does the emergence of such a mcthvl 
<hunt m biochemical ctolution (if indeed it occurred this ttaj 0 proMde a cell 
ttith more surtital \aluc* 

The mam the«is of thu paper is that the meth>l «hunt b 3 operating onl> a 
step or tt\o remoted from the final pohmcnzation of deoxjmucleoside triphos¬ 
phates into DNA could pro\ide the coll with a terj «en«iti\e means of control 
ling DN S. ^jmthc'is 

Komberg a group has clearl} «hotni that four deoTjuucleo^ide triphosphates 
must be pre«ent for DN A sjmthe^is to occur * If anj one of the deoxtmucleotides 
be omitted, DNA ^jTithcsts does not occur The methjl«hunt appears to be 
especially «eii«itn e to chemical insult A block here effectn el> leads to a halt in 
DNA « 3 Tithe«is bj depnving the DNA polj-merase of an essential nucleotide 
Here (he earhe«( inhibifoiy effects of antifohc agen(«^^ and of fluorodeoxj'undj he 
acid‘ are manifest Cohen has made the important ob«er\ation that E colt cells 
grown under conditions of thj-mme deficiency cannot 'i^nthe'size DNA and that 
thej irrexerMbl) lo=e the power to proliferate * 

A reckless e\ten«ion of the meth>I «hunt concept is that a by pa«!s would 
lead to uncontrolled cellubr proliferation For example all studies of DNA 
the«is wath labeled thjTnidine are dependent on the pho'^phorj lation of thj midine 
first to thjTnidjlic acid and then to thj-midine triphosphate ThC'C reactions 
constitute a bv pa^s of the methjl shunt It could be argued that flooding a 
cell with thjTnidine would indeed accelerate proliferatne processes but conclu 
'i\ e data for thi« is lacking 

Sc\ oral j ears ago we noted that increa<=ing the le\ el of thimudme C‘* increa«cs 
the uptake of the labeled deoxj nucleoside mto DN V of chick embrj os * e con 
eluded that since the endogenous pool of thymidine mu«t be quite low the in 
created uptake of labeled thiinidine wais due to an absolute mcrea<e of thjTnidine 
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jncorporatjon into D\A Th]-* could al*o be interpreted nn d>«olutr mere k 
of DJsA sj7itbe«]‘? 

It imi^t l>e empln'jzcd that the mere pre^nce of tlnnudjne does not necc'- 
sanlj lead Jmmedntcli toD\ Vs}iJthe«« If this ivcrc true all rolls would mror 
ponte lal>elcd th>rmdinc into D\A Actuall>, onh tho'C colls th it are nlrndj 
m a state of rapid proliferation incorporate th> midmc This js the kc^ to the U'O- 
fulnes,s of labeled tbjmidino jsan indicatoro/ multiplicitnegrontb ‘Tliesecon 
siderotions «hon that the motbj 1 ‘•hunt” concept should not lie ndden too h ml, 
all control of proliferation certamli cannot reside here The other deorimicleo-ide 
phosphates mu®t lie formed, too, liefore thi niidj he icid can liccome a hrmtmg or 



deoxyrtbose phosphote 



(leoxyrlbottt photpho!« 

!• j< 2 — \ m«Snni*m for lie fonn'»tioa of tl \m !%l p »ci I 
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accelentn e factor The DNA alrendj pre^t in a cell conceivablj mustlmea 
proper or reccptne configuration to act as pnmer for further D'\ •V. sjTithesis 
catah'zed bj ‘ pol^nnera'^ " 

^\e are interested m the mechani'm bj which the deoxj'undjhc acid be 
comes meth>lated * This is the hej reaction of the methyl shunt Folic acid 
deru atn es are definitel} implicated It is possible that \ itamm Bi* ma} also be 
in\ oh ed, but there rs no concIusi\ e data for this •supposition The components of 
an in \atro s} stem that we ha\ e used in our studies are deoxjaindj ho acid form 
aldehjde, tetrahjdrofolic acid, magnesium chlonde, and an enzjTne prepared 
from extracts of Z" eofi Formaldehyde can react enz^Tiiaticalli or nonenzjTnat 
icallj with tctrahjdrofolic aad (THFA) to form a cjchc compound m which a 
methjlene group connects the and \'® positions of the reduced ptendme 
^sormallj this C 3 die compound is generated from *561106 and THF A. These facts 
ha\e emerged from the research of inan 3 laboratones • 

A\e bale been attempting to elucidate the mechanism of the transfer of the 
meth>lene carbon to deoxyundyhc acid and its final reduction to a methyl 
group—the complete reaction con«titutu)g lh\-mid 3 he acid 83 ’nthe«is O Dell 
et al ‘suggested m 1947 that tetrah 5 drofohc acid because of its ease of oxi 
dation may serve as a catal 3 «l in «oroe unknown oxidation reduction system 
Evidence for a durect tran-fer of h 3 dn>gen from THFA to th 5 *midylic acid has 
been obtained by incubating tntiated THFA with formaldehyde, deoxyund 3 lJC 
acid, MgClj and E eoh enz 3 Tne* The th 3 Tnidyhc acid thus formed was found to 
be highly radioactive All of the tntium was in th 3 ’mme none m deox 3 Tibo«€ The 
results of these tracer studies vnth tritium support the bebef that THF A «€n es 
not onl 3 as a one-carbon earner in the eDZ 3 ’inatic transfer of a b 3 drox 3 Tneth 51 
group to deox 3 aind 3 lic acid but also as a direct h 3 drogen donor for the reduc 
tion of the one-carbon unit to a meth 3 l group How THFA can pla 3 this dual 
role IS a matter of speculation 

As set forth in figure 2, deoxyaindy he acid deal ea the cy chc ptenduie at the 



Tic 3 — y biochemical scheme «howiDg how the reduction of dih) drofolic acid (DHFA) 
bj reduced tnpho«phopjndine nucleotide (TPMI) to tetrahydrofolic acid (XIIFt) may 
be coupled to the eoniersion of dcoT\-und>lie acid (DU5I) to th>m dj! c acid (ToP) 
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bond bct\^ccn the mcthjlciic group Mid thus rcsiltuig m the fomuxtion of a 
labile intermediate in ^hich dooxyimdjhc acid is bound to TIITA by vraj of a 
mcthjlene group attached to K* An intramolecular oxidation reduction then 
jiclds thyniidjhc acid and dihjdrofolic acid Thus, for every molecule of thymi 
d>hc acid sjnthe'^izcd one molecule of THFA is oxidized and must therefore be 
regenerated before it can be for the next methylation 
It IS the formation of tetrahj drofolie acid from dihvdrofoUc acid and TPNH 
that IS cspccialli sensitive to the nntimotabohe effects of the antifohc agents 
such as ammopterm • The inhibition of dihjdrofolic acid reductase the enzyme 
that catalj zes the formation of TUFA, should be more critical m a scheme where 


H 




(laoxyribose phosphate 

Fio 4 —A speculative mechanism for the /onaatioo of hydroxymethjldcoxjc^t dyJio 
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in THF\ acts as a hjdrogen donor as \iell ns a one carbon carrier {'nich as in 
the ■'3 nthesis of thymid3 he acid) than m a pithTva3 wherein THFA acts onl3 as 
a one-carbon earner («uch a.s m the "senne gbcmc intercon\ er«ion) Perhaps 
under normal «ituations the le\el of TPMI nia> be an important factor in the 
control of cellular proliferation b3 relating the rate of S3 ntliesis of th3Tnid3 he 
ncid (fig 3 ) 

In certain phage the c3tosme of the phage D\A is replaced b3 h3drox3 
meth310310 me It has been shown that the h5dro’C\meth5lation of deo\5C3'ti 
d3lic acid has requirements ^er3 sunilar to those of the meth5lation of deoN3 
und3lic acid forma!deh3de serxes as the one carbon donor and THFA as a 
carrier ‘ The enz3me for the h5drox3meth3latton 0HI3 emerges upon infection 
of h colt b3 the phage 

In the absence 0/ conclu'^ne data, I noiild Jikc to speculate on how the cyclic 
pteridine can serve onb as a earner of a h3dro\3moth3l group to deox3cvtid\lic 
acid and not as a h3drogcn donor Thia is in contrast to th3'midvlic acid S3m 
thesis where the cyclic ptendinc has a dual role In figure 4 deo\5C3tid3hc acid 
IS shown cleaving the C3CI1C ptendinc at the bond between the meth3lene group 
and N* thus resulting in the formation of a labile intermediate m which deow 
cvlid3lic acid is bound to THF\ b3 vva3 of a methylene group attached to N " 
In this case an intramolecular oxidation reduction cannot vield a new meth3l 
group as proposed in figure 2 Hvdrob'is would lead to the formation of hydroxy 
methyl deoxycytidvlic acid and THFA 

In systems where 6 methyl deoxycytidylic acid is found the sequence of reac 
t ions might bcanalogous to tho«c shown in figure 2 for thy midy lie acid svnthe«iB It 
seems likely but unproven that for the synthesis of methionine from homo 
cysteine THFA again may serve m the dual role of a one carbon carrier and a 
reducing agent 

AODBNDUit 

In a recent paper (Humphreys G I\ and Greenberg D M Studies on the 
conversion of deoxyundylic acid to thymidylie acid by a soluble extract from rat 
thymus Arch Biochcm ABiophys 78 27 o -287 19 d 8 ) the authors have inde 
pendcntly proposed a mechanum for thymidyhc acid synthesis which coincides 
with that formulated m figure 2 
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iVIcIabolic Products Formed from Thymidine 

Bj\a\ R Pottfb 

S TLiDIES in^ohing the u-< of hbeled thjmidine for <pccificall3 labelmg the 
D\ of cells for «ub'«qucnt'iulondiognphj naturallj rai eque tions about 
other po-v ible fates of the labeled matcnal The work earned on bj m^ group 
includes <=omc experiments that ma\ be of peripheral intere t although thej 
ha\e not been earned out nith that purpose m mind Onl^ such data as maj 
bear on the central question will be mentioned 

The metabolism of thjmidme (fig 1 ) naturallj falls into two main categories 
( 1 ) conxorsioii to D\ V and ( 2 ) comersion to breakdowai products More re 
eentlj a third palhwaj too earlj to clas?ifj as. belonging to one of (he two mam 
categones has an eii This is ( 3 ) comer ion to R\A The latter pathwaj is 
perhaps not established hut the implication are of such ob\ lous interest to the 
present di cu ion that the ax ailable data will be bneflj mentioned 

Occt/RENCE OF TinrxnsE i\ RNA 

In 19 o 8 Iittlefield and Dunn’ reported the natural occurrence of thxmine m 
RNA from E call B/r and loT and from ierobacter Aerogencs In all cases the 
amount was small equualcnt to about 1 molecule per 100 molecules of uracil 
E\en this small amount was not detectable m rabbit Iner or in rat lixer micro 
some fraction It x\as shown that the tlnmune of bacterial R\ 4 was present as 
anbo edenxatne Both thj mine ribonucleotide and thxTiune riboside were 
isolated More roccntlx 4 mo and Kom'haxeexamined the RN 4 from E co/t 
Ix 12 and reported the pre«ence of o methjl cxtidjhc acid to the extent of 1 to 
2 per cent of the total nucleotide of the R\ 4 Tliej questioned the findings of 
Iittlefield and Dunn on the ba !■> that the prolonged ilkaline h}droh«is was 
sufficient to h\drolj2e 5 nicthNl cxtidxlic to thjtnidxlic acid (pre umabh thej 
meant nbothxanidj he since the new nucleotide xxas a nbotidc not be to con 
fused with o-methxl dcoxjcjtidjlic acid) Their comment i& xahd but would 
not applj to certain experiments iii xx Inch Littlefield and Dunn u ed «nake x cnom 
to obtain thjmme nbo ide although further xxork with purified enzjm.itic deg 
radation ii needed \t this time the occurrence of nbothjmidxhc acid free or 
in RN 4 mu t bo regarded as tenlatixc and in trace amounts it mo t Nexer 
tbe^e^ some support Irom another direction has come Irom experiments bj 
GnfFm Todd and Rich * who prepared nbothj'midine o dipho phate chcmicallx 
and showed that it was conxerted to poljTibothjmidjhc acid bj the Ochoa 
enzj me 

From tie Dcjariment of Oncologx Mc\rdle Memorial Laboratorx The Lnixers tx 
of tx eon«m XIad on ttix 

Th « work wa supporfe ! in part from a grant (C &16) from the National Cancer Insli 
tulc National Instit ite« of Health U S I abl c Health Sirvice 

Tl e facil t es for mea« triog rad oactir tx are operated indcrtl e <1 rection of Dr Charles 
HeideU>erger Tl e a-<s stance of Mr Harrx 1 udwig m siting up the record ng equ pment 
IS also gratef fix noted 

lot 
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THYMIDI\E:=:TH^'MID\LIC ACID — DNA 
(UDIl) 11 

Tin'MlNE p; IIIBOTin"\IIDlNF RIBOTIl^'MlD-iLIC \CID nN\ 

11 (UR) 

DimiJROTm'MINE*^ IvRCBS C\CrL:=f UU\0 VOIDS ^ ! ROTLIN 
Fics 1—VRornatue path\a\s of tbMnidine tnelM olt m Tl o nomenclature for tie 
nl 0 e denvtttivpa of tl \m nc i not estal li I ed and tl e term u el 1 ere arc tl o e u rd 
bv Pn/Bn Tod 1 and Rich ‘ 

rORMVTlON OF IllBOTHVMIDINP IN HoMOCl N VTLis 
Recontlj Dr dc\erdier m mj hltonton has obtained evidcnco for the pm 
duction of nbothjTtiidine m homogenates of liter and of hcpitonn (Dimmiig 
LC-lS) Dtesc studies probablj represent »further explorition of reactjoiisong 
ma!l\ studied bj Fnedkm and Rol>cr(a* * Tliesc norkcra were concemetl witlt 
the following re iction 

1 TI 13 midine + inorginic pbo phate;=i tht mine-b deovt nbo e 1 pho pliatc 
V> ith a purified enztme preparation tlicx ‘•ho«wl that uraci! and thvmmc could 
Iw used intcrchangcablt but when nlK>se-I phosphate na« substituted tbe reic 
tion was niuch Jcs.^ elTectno and the ijuestion of tJio cxjstenct of a Kpirito 
cnzjmc for the following rciction was left open 

2 Lindint + morgamc pho phatc " until + nUise 1 pho ph ite Their work 
was bised on reactions studied m the presence of an enrxme that was fraction 
nted to jitld reaction No 1 and cannot be expocled to in^wcr (lie que lion us 
to the rcl itiv c proportions of the e reactions in the origin d iiNiics 

Our current studies are Ixasid on the ti'C of C * 1 dueled syb tntes and are still 
prehmmarj but some of the fimhng^ ma> lie f f mtcrc t 
The followaiig reactions h u e lieen studied 
J (T* :=i Tdr) -* (T* =s 1 'dr) 

4 (U»5iLdf)-^(l*^L*dr) 

0 (T* + Udr) -* (T* 4- kdr I + TMr) 

V!1 of these reactions ippear to l>e catalyzed b> \ Miiglc enzMiic which is pmU- 
ibli identical to thjmidnie pho phorjJaMi cfTnetlkm ind Ilolierts * ‘In ul 
dition Dr dc\enhcr has studied the following re ^c^lon’^ 

0 (U*^Lr)-.(L*;rtL*r) 

7 (T‘ + Ir) (T* + hr^l + T*r) 

ThcH reactions lire pmlnblj citaljrcd In an enzjme not identical to tlumidiiu 
phosphorjlasc lut pmbdiU the wmc »s tlu; vmdino pho pli r\U«e ofCinhm 
et al reftrred to bj rnedkin and Holwrts* Tlie ciidtnce for tbe ofciimiice of 
rc ictions () and 7 is rtill not backetl up by cheniic d niialxx but re (s 1 irgch 
on tbe following f icts (1) nt Incr nml the Duniimg hepitc m i difTer m irkedh 
in the rcl itnt amount^ of tinmidinc and undme pho phorvla-K's (’) thi ruh » 
act lie product in n irtion 7 t* not identical to tbe priKhiet formed m re icIk ns I 
or 5 (1) the raihoactu i prixlucl in reactw n 7 is fonncil nl the simi rate ns L *r 

• \l I rcMsiions T •• tl j-nnne I — uracil C » cMo nr V — a Irn t r Tlr — il >111 
d nc U Ir “ dcowuri line C Ir “ dcoxvr\ti 1 ne \ Ir * 1 “otj a lcno» nc V r •• wn 1 nc 
Cr c\ li I nc Ar — n Ici nc TKr ottmtll dmolt* ro I oaet rily 
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Fiq 2—Isotopic evchaogc rales between C ‘ labeled th>-Taine (T*) or uracil (L*) and 
ribonucleosides (r) or deox} nbonucleosides (dr) of thjmine (T) adenine (A) uracil (U) 
or c}to"ine (C) in the pre<eDce of whole homogenates of rat liver regenerating rat liver 
or Dunning IC 18 hepatoma calculated according to Duffield and Calvin * The substrates 
for nine different reaction mixtures are indicated along the abscissa and the results ob 
tuned with the three tvpes of tissue are indicated for each reaction mixture in the appro¬ 
priate space above the reaction mivture The upper pan of the chart shows the amount 
of nbostdes formed (T*r or U*r) and the lower part shows the amount of deox) nbosides 
formed (T*dr or L*ilr) in the same reaction mixture IVhere no bars are »hown the amount 
of product was too small to be indicated The intent of the figure is to show how the ratios 
of liver regenerating liver hepatoma for the T*r reaction are similar to the L 'r reaction 
(upper chart) but differ markedly from theT'dr and L'dr ratios «hown in the lower chart 
The aetensl. dtnotet rad oaelivily 

ID the tissues studied, (4) the mdioactne product m reaction 7 is formed onlj m 
the presence of l/r aud is not formed in the presence of Ldr It is tentatnclj 
nsjumedthat the radioactiv e product in reaction7 i->thv mine nbo«ide al-o called 
nboth3'midme Thi« product has prenoud^ been found b% Fink et al * in rat 
liver «l!ccs The remainder of the chart «hows that reactions involving adenine 
or cj to me nucleosides were weak or negligible, ns compared with the uracil and 
th}'minc nuclet)«ides 

Further studies wall be needed to characterize chemicallv the nboth} midine, 
and to learn whether it cm be enzymaticalb pho'sphorjhted to nbotb>mid3lic 
acid and whether, under appropriate circumstances, the latter can be mcorpo 
rated into IlN A m mammalian tix uea At pre^nt the significance of the reaction 
I'l complctelv unknown 

The evpenmental technic will be desenbed in detail eL-ew here but here it ma3 
be said that protein free sample^ from reaction mixtures ire subjected to paper 
chromatogriph3, u«ing 53 «tem 8 of Fink et al • with ^^^latman No 1 paper 
1110*011001 S3 stem con«i«ts of eth31 acetate, formic acid and water The radio- 
nctivitv 1" meTmred directl3 with a Nuclear Chicago strip counter and recorded 
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aufomaticillj tilth a Te\as Instrument Co Rccti-Riter, tvith coneomitaat mte- 
gration and print out reporting by means of a Beckman/Berkelcy counter and 
digital recorder The data are treated according to the kinetic anal^ sis of Duf- 
Seld and GaK m,* v\ hich appears to be appropriate for studying reactions of the 
types shown b> equations 3 to 7 , and to gi\e dcMatmg results when side reac¬ 
tions superv ene The data reported ha\c been based on the use of whole homog¬ 
enates Additional studies ha\e re\ealed that the supernatant fraction reieals 
greater enzyme ac(i\ ity than the whole homogenate as reported bj Fncdkin 
and Roberts,* and the data appear to be clo<«r to the theoretical model of Duf- 
ficld and Calvin ' 


C^T\BOL18\t OF ThTMIDINF 

It has been ob'-erv ed that thj mine is>a poor precursor of DXA, while tbyanidinc 
IS a good precursir The reason for this must he in the fact that thymidme is less 
readily broken dovra than is thj'mme Some unpubli'shed studies on the rate of 
COs output from labeled thymine are «howa in figures I and 4, in which intact 
rats were u«ed Carbon 2 of thymune was almost completely lost within two hours, 
while with thymidine, nearly 40 per cent was retained m the animal—but the 
loss that did occur was complete m about two hour> With methyl Labeled thy 
midme, the retention was ov er 00 per cent, and the period of loss was during the 
first two hours Since retention in the forni of DNA cannot bo any greater for 
methyl labeled thymidine than for thymidme 2 C“, the difference is likely to be 
due to a greater retention of the carbon from the methyl group in compounds 
other than DXA, after the pynmidme nng has been broken Tbe«c data are on 
ndividual rats, more data arc obviously needed The present data arc sufficient 



Fiq 3 —Convcr-ion of C' labeled thymine and thjTQidme to C’K ),, plotted as cumuJa 
tive per cent of do«e injected versus time 
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ver<U 9 1 me 

to show that thMrudine is pre^nt as «uch at level* sufficient to be degraded for 
a serj «hort time and that b> the end of two hours an injected dose has been 
lai^cly com erted to other compounds 

The nature and magnitude of the pools of compounds formed from thjTnidine 
Is a matter of «ome interest to investigators «tud>ing cell turnover b) means of 
labeled DNA e hav c studied the acid soluble fraction from liv er regenerating 
liver and hepatoma tissue 30 minutes after thj-midme-H* has been injected in 
VIVO \ chromatogram from regenerating liver is<:hoN\n in figure o A number of 
radioactive pcak*» can be clearlj seen ThcM? include TMP TDP and TTP 
vvho'e identification rests la^elj on the fact that thvmidine was injected and 
bccau e of the work of R L Potter et al * who showed that on this chroraato 
graphic s>«tem certain IJ\ absorbing peaks serve as landmarks for locatmg the 
thjmidine mono di and tn phosphates In addition certain other radioactive 
peaLs can be seen and some pn^ress has been made m their identification with 
tl e help of Miss 4 nne Bnimm and Dr dc\ erdier The peak near fraction “’O 
has been called II and contains mainly aspartic acid It maj be noted here 
that glutamic acid is not labeled bj thjmidme H* but is lalieled when tfajanidine 
C ‘ methji IS given under these conditions We have wondered how the labeling 
of aspartic tl jmidine IP could be explained without asoiming that it was the 
IP in the methjl group It is of interest that the absence of H* from glutamic 
acid could be readilj explained b> such an assumption without requiring that 
C * methji labeled fhvm dine should be al sent from glutamic It has not lieen 
possible to find labeled beta ureido i«obutjTic acid in peak II possiblj earlier 
time points would reveal radioactivuty m this intermediate Peaks I\ and\ are 
tentatively identified as succimc and malic acids which would be in line with 
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Fio 6 — ChroTnatDgraiQ of the acid-solnbfe fraction from 24 bour-rege&orating rat liver 
SO minute'^ sfCer lajecdan of abo^c tOf>c of thj'niKifne U* Laviog a specific activity of 300 
MC per , or approximateli € fig total 'Die cross hatched colucons represent radioactive 
fractions vatli counts per minute (CPM) per ml shonm on the right hand ordinate The 
open columns represent ultraviolet absorbing fractions (wavelength, 260 top}, os shown no 
the left band ordionte Abbreviation^ represent mono , ch , and triphosphates of adenosine, 
guano<i&e, iiridirie (nil nonradiosotive), and of thi midioc (shoun with ascemk), plus other 
radioactise metabolic products of (faamidine The radioactive peaks libeled IV, V, and \ I 
are iiiscii«‘‘ed in the text 

the labeling of aspartic acid, but difficult to e\phm in terms of current as¬ 
sumptions about the labeling of the injected thymidine H* 

We ha\e aioidcd doing «ttidies vnth the acid soluble fraction attunes other 
than 30 minutes, until t\e could identify the peaks already aiailable, since ive 
are interested in the catabolic pathirajs, m relation to the sjTithetic once Hon- 
e\ or, our ivork suggests that much useful information could be gamed from a 
study of the tliymidine phosphates alone Such studies hai e been carn(?d out 
by R L Potter and colleague^ and are probably of greater rclc\ ance to the topic 
under di«cu&eion tJian the data here presented 
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Discussion of the Reutilization of DNA and DNA 
BreaKdown Products 


L D Hamilton I should like to ask the 
assembled biochemist and other intcrc*tcd 
])artics theiT tTewa on the rculilization td 
DNA and its constituents In the situation 
in which DNA is labeled (I should mention 
parontheticallj that RNA w u«uall> 
eriuath, if not more extcnsiielj lalieled 
after mo«t labeled procurers), RNA poh 
nucleotides turn ot er and cells die perhaps 
liberating RNA and DNA nucleotides 
Thus the tarioua labeled constitutents of 
DNA and RNA are atailable for reutiliza 
tion The work of Danew and Balls' <ug 
gc«ts that punnes liberated into tbe blood 
sx'^tem as a result of nucleic acid catabolism 
arc not rcutihzed for nucleotide sjnthesis 
to an} great extent Thei studied three 
experimental situations (the pregnant rat, 
tumor beanng mice, and parabiotic rats) 
m which an animal with presious labeled 
nucleic acids was connected bj a common 
circulation to tissue in which the nucleic 
acids were not labeled, in all three ntua 
tions they found no ‘ignificant transfer of 
laljel On the other hand, in the tissue 
culture expenments of Thompson et al ,* 
retention of radioactmU m DNA was re¬ 
duced b} one third as a re«ult of *uldmg 
untabeleil th}'midinc to the medium This 
sugge«ted that in their tissue cultures some 
DNA was broken dowm and rcu*ed loeallj 
as deoxi nucleo«ide^ or deoxxTiuclcolidcs 
Iloweier, tlus was onl} a minor proper 
tion—which indicates that a substantial 


proportion of DNA mu«t be handcrl on as 
a brge molecule (pohmucleotide) either b) 
cellular dixision alone or together with or 
b\ local reutihzatioR of pol} nucleotides 
The transforming acti\it\ of bacterial 
DNA suggests that bacteria can incorporate 
relatnel} largeportionsoftheDNAmacro- 
roolecule into their own pre-existing DNA 
Fox* has shown that the unit absorbed is 
1 4X for each effcctne transformation, i e , 
1 4X the DNA content found per cell is 
incorporated b} the population when one 
cell IS transformed l^is assumes the unit 
of DNA conferring the new genetic prop- 
ert} IS pre-ent onl} once in each donor 
bacterium More recentl} Fox' has been 
able to show that the size of the piece of 
DNA that goes mto the bactenum trans¬ 
formed 13 approximateb the same as that 
of the DNA in solution, but direct cxudence 
of the incorporation of the transforming 
DNA in this situation is still to be obtained 
V R PoTTFR It IS m} opinion that 
small amounts of th}Tnidine would be 
reutilizcd but the tissues of the bod} would 
haxe to battle with the Incr because the 
lucr docs a prett> good job of conxcrting 
thxTiudme to COs In the cunes that 1 
presented, we put m C jig of th}midine 
and a xen large proportion of this was 
conxerted into Krebs c}clc mtcrmediates 
and breakdown products 

Wehaxc bt^n a line of expenmcntation 
in which X anous amounts of thj midme are 
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added to loer .ticc C0= prcluction 
BlsA comereion are the two param 

Ihatareiaearured Helme«oiaemdieah™ 

at Ihra moment that the Mtehadta ^ 
atants are dJIerent m favor »' am. 

Ihe^is at -len low le%cl‘’ wtiich was a 
eurnri'c to us Hence, the quc=.tion is not 
whether the contest between liter 
DAA down and the other tissuK reutilis 
mg It can occur, but rather what is the 

quMtificaton^^ Do ton u-e regenerating 

PoTTEB Both regenerating liter 

and normal liter hate the nbilitj to breaV 
down thtnudine but of course 
ht er has more The experiment that 1 rnen 
tinned was tlone with slices of regenerating 

'"m rniEnrli!. I should like to raise the 

important question of what happ^ » 

dna when an immature ted cill tosre its 

nurleus and becomes a 

hr as I know them nre no t'""' “ 

inlhisregard It is quite comeitat It d tte 

docs occur in the bone 

dna ne\cr reaches the liver to 

graded There ate probahit 

iktive enismes in bone 

split the DN-A into 

deoasaiueleosidcs U is quiti i 
Hint the deoaj nucleosides 
phorjlated and he reutiliie.1 hi 
marrow cell. I think this is an ™ 
problem which needs lurthtr 
A Bna-nici, There arc 
cipenmental ilati that mav gi'^ n\A 
the extent of possible reutihzation o 
It one ndministcrs a ,.|ww, 

formate to tats one of the Hist P' 
jnu tan pick it np is the 
After approMinatelj thn'e wi-e 
no longer find label m ‘'"i J. 

Uielium ■\ou do find WkI«1 I) 

etcr.m the liter, spleen kidnet pnne^ 

and trsles If the DNA of "'’‘'"“'7! 
rcutiliierl, one would tsper ^ i,™liem 
the intestine but ,. ree^« hnj^7„;;^^^ 
One Rcts a picture tli it D . . 

.tais'fnr„Lgtiinc.neeHainti--^‘ 

Srirl^oteifamotintnfDN^^ 
tin intmtinat epithelium hut , , 

m the cour-e of three 


expert in a ti 5 «ue w itli rapid renew al but no 
DNA reutihzation 

M Friudkin This doc«n t reallj kce 
the problem ^\'hat we w ant to know more 
about IS the reutihzation of DNA released 
m the bone marrow when the red cell Icr^cs 
its. nucleus 

M M ^\l^•TnOBE It "oems to me that 
Dr Fnedkin has asked a i on important 
question which has not vet been aiu«wcr^, 
namelj what happens to the DNA of 
nucleated red cell I don t “oc that Dr 
Bendichs explanation begins to answer it 
The disapjicarance of DNA from the m 
testmal epithelium coukl k explainw bv 
shedding of intestinal epithelium and it® 
excretion This us a biologic phenomenon, 
not a chemical one tw i, 

\ R PoTTFR Tlie question Dr Irietikin 
rausod is most appropriate Docs some 
dna break down to nucleotides in a peg 
trcateil compartment in which the nucleo¬ 
tides arc Tcutilired without ever licmg 
dephosphorvlated and escaping into the 
riKubtion as thvmKlmc’ He 8gr(H*« with 
me that if It gets into the unulation us 
tltt-midme, the hver will (legnde a large 
portion of It I think that one was m 'Thich 
thus can l>c studieil is to examine for the 
presence of deox\ ril)0«ulo plio«pliorslw 
and vanous other enr\me« involved m the 
degradation of DNA-enzvmes such ns 

thr«wercportrsUtthism«-tmR 

M FmrcKiN Is it l)0^slble that after 
the ml cell lo«es its nucleas, md therefore 
Its DNA that the white nils can utilize 
the DNA as a unit’ Perhaps the white cell 
more eomplitih utilize-^ the«c nuilrotidcs 
than would be the case if the deoxv nuclco- 
tKlt-» <piHed out into the blood «tream 
There should lx a wav of t(-=ting whether 
white cells can engulf largi inolecuh-s fuch 
fts DNA If thev win labeled, vou might 
«ce it h> autoradiographic tiehnic« Has 
thi-» liecn done bv anv one’ 

D S KiU-y One miusl distinguish in 
tween tlie jmssiblu reutiluuatioa of Large 
chunks of DNA and the reutihzation i f the 
con'tituuit ba.'es ilcnvetl from the break 

downofllNkamlDN^ lt^arn«n-VKn 

nW« to a.'=sumc that some of thi nuch ic 
acid breakdown product, re-enter the aenl 
soluble 1100I »n<l arc n utilize*! for luickic 
acid pvnthe.is m addition to tht lia-e* il 
mol fn.m df oer*> pvnthe-u- 
pm^ent the fraction of \yw-< dcnvnl from 
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etch «ourcc is not kno« n and it could well 
differ for different ti'^uc® 

L. G L.\jtii 4 We Ime calculate*! from 
the number of ccll« produced that about 
25 grams of punnc« are produced per daj 
m a full> groivn human If this is all neo 
6jiithe«is, then a ^er^ large amount of unc 
acid ought to be excreted On the other 
hand the daih unc acid excretion i« less 
than half a gram W e flo know tliat tb*ue 
is some neosj'nthc'is m the li\er Wc do 
know that we take m diet about a quarter 
of a gram of punnes which on the face of 
it means that at least SO per cent of the 
dailj piinne requuement is reutihzation 
with po<siUj 10 to 20 per cent neosvn 
thesis The \ast imjont\ is certainlj re- 
utihze*! 

E CiUKONFF Well un I it possible that 
jou ha\e reutihzation at different le\cls’ 
\ou ha\t 60 man\ different enzjTnca to 
take care of 

I G Lvjtiu I don t know at what level 
tliev are rcutilized 

E CiURCAFF The\ are probablj re 
utilized m different tissues at different 
lev els 

L G I^AJTiU \t anj tunc in bone 
marrow a certain proportion of the cells 
will be in the process of DNA «jnthe<i« 
and nil] take up a hbeJ When tbo«c cells 
extrude their nuclei and DNA is liberated 
in circulation it will be diluted over a 
longer penod than the actual initial bbel 
was available m circulation Moreover all 
the nuclei won t be released sjnchronouslv 

N B IviRMCK There is •«ome clinical 
e\ idence that at least a good portion of the 
DN A denv eel from the extrusion of er> thro- 
bla'tic nuclei is not reutilizcd but is ex 
crefed as unc acid In ixilvcjthenua vera 
there is a great mcrea‘ic in the excretion of 
unc acid which gives rt>c to lij penincemui 

J Tlie mature retl cell not onlj 

lacks a nucleus but it alsj lacks l^so^omes 
jet earlj 'tern cells show morphologic 
structures which could be mterpreted as 
being Ivsosomcs When the rwl cell extrudes 
the nucleus it might als) extrude the 
ijso'omcs The^e are known to irontam 
enzjmcs which normaltj degrade DNA 
The products of the nucleus might be re 
utilized then for crj thropoiesis in the same 
location 

\ Bendicii Beta aminoisobutjnc acid 


which K excreted m the unne i» a specific 
end product of thvmidme catabokm Dr 
Potter just told me that about 100 to 200 
mg was excreted dailj m the unne If it 
turns out that this is the situation then a 
coa«idenible portion of the thvmidme in 
the l)od> IS no longer available for resj-n 
the«i3 of DNA 

F P CnoN'KiTE \fter an injection of 
tntiatcd thvmidme into a human ap- 
proximatelj 2o to 50 per cent is recoverable 
m the form of tntiatcd water Another 5 to 
10 per cent is recoverable dunng the first 
few daxs m the form of beta anunoi«o- 
butvne acul and other nonvolatile tntium 
compounds m the urine 

\ huge number of normoblastic nuclei 
arc extruded each daj, about 2 X 10'* 
Thc«e are difficult to •'ee in the marrow 
The nuclei are extruded extravascularlj 
and it IS not until after the nuclei hav e been 
extru<Ic<l that the red cells get out into the 
circulation Therefore it seems logical to 
assume that the«c nuclei are broken down 
extravascularlj verv rapidlv degraded 
ami if thev go down to the vanous purine 
and pjnmidme bases then I «u«pect ibout 
the same percentage of the thvmine as Dr 
Bendich has mentioned would go to the 
beta aminoi obutv ric acid and tritmted 
water 

J Dwidson There is efficient reutihza 
tion of Fc‘* from hemoglobin following the 
death of the red cell (RBC) If j ou follow 
the duappearance curve of RBC Fe‘» vou 
fail to see a good inflection point at the 
tune that labeled cells die The curve has 
a long tail due to itutilization of the 
iron When granulocvtes arc labeled with 
O* punnes the shape of the disappearance 
curve and the absence of a tail would in 
it«elf seem to be evidence of poor reutiliza 
tion of the labeled purines 

L I O'COOD Dr Fncdkm I can pro¬ 
vide a tool bj which vou can get a clearcut 
answeron this question Wenow havelong 
tenn cultures of all v aneties of hemic cell® * 
If JOU tultured the ervthrocj-tic sene® 
added tritium labeled thjTUidme washed 
the culture thoroughlj and then added a 
culture of an entirclj different cell tj-pe 
JOU could 8«? if the tntiura labeled DNA 

•R W Brown Carver Foundation Box 
ISS Tu<kegee In®t Alabama 
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was utilized !>> the^ ccll^ of the <5econ(I 
t>p« follow mg o\tru«ion of the cn-throtytic 
nucleus 

\\ I IIcciiEs There are «ome <Lita 
hcaniig on the subject of rcutifization tliat 
bother nie If one injects thj midme into so 
animal or human and stuilies the formation 
of tritium water (HTO) it riaos in the 
oour«e of perhaps one or two hours to a 
maximum then staa-s almost constant and 
then slowh disappears over a long time 
liecau'C water turnover is slow WTien 
plottoil expontntiallv tins component ap 
pears to be a straight line Tlus !>. our 
mouse data If thb ls true there doc«nt 
seem to lie anv room for the formation of 
tritium water from the degradation of 
D\A Tlic qurelion nn'C' how sensitive i* 
the tethnic’ 

1 R Potter MTiat i? being pfottwP 

H L Hcanrs HTO coiiccntratioo m 
the animal «.s a whole as a function of 
tunc As 1 said follow eng injccti n of H’ 
tlijTnKluie it rises rapidli to j maximum 
Tins IS the lalieling time At (li-* time we 
thuik all the tritium of the inje< teil thvmi 
dine 15 eithir water or D\A From tlit> 
tune Oft HTO formation stops and there 
on, its concentration slonh /af)> get 


evictlv the same curve if we inject HTO 
instead of tntiated thj midinc 

If the fraction of tntiura incorporated 
into It'd ceil D\ A repre-ents a large portion 
of the total uptake of D\A —I don t know 
whether this h true—and if when thej lo e 
their nuclei degradation pnxiucts as small 
as IhiTnidmi an? forma] then we ought 
to oCt some sort of a bump in tlie curve 
at that time Wc liavent «een tlus Tjie 
Question then is whether or not the per 
ctntagt of the total H’ m the nuclei of 
cells with a short nuclear life ls great 
enough to produce an increment of tn 
tinted water big enough for u> to detect 
TICFFRENCES 

1 Dao<is J and Balls M h Reuljlira 

tion of nucleic acid catabolites J Biol 
Chem 207 36" 19>i 

2 Thompson II A Paul J and David 

«on T N Metabolic stabilitv of nu 
cleic acid in cultures of a pure strain of 
mammahan cells Biochem J 69 So-l 
I9a« 

3 Fox \f 8 D\ \ incorporation fav trans 

formed bacteria Biochem et fiiophvs 
\cta 26 S3 l!?o7 

4 - Personal eommuuication to L D 

Manuhon 


Disctissioii of Axailabililj Time of Labeled DN^A 
Prcctirsors 


C P Lkblomj Mould Dr Potter give 
us some information about the specific 
activitj of thjTnidmc’ 

R L Potter Tollowing a single intra 
pentoneal injection of C“th 5 inKlinc into 
a rat that weighs 180 grains (be specific 
acfivitv of this compounl m the thj mus 
reaches a mavimura in two minutes and ui 
the spjppji jn somewhere between two and 
four mmutes (Discussion fig 1) fu col 
laboration with mv colleague Dr Nvgaaitl 
It wa-s possible to show that the conversion 
C" thymidine lo DNA m spleen is dc 
tectablp in minutes an<l ls vnrtuallv a 
linear function of time for the remainder 
of the lo minute penovi (Dt«eussion fig 2) 


Tlie third chart (Dxscus«ion fig 3) «ho\v s 
the totnf radioactivitj of thjTnidme (TDR) 
an I its nucleotides m tlie spleen after an 
injection of 10 micromoles of thjTnidine m 
VIVO Note that all three of the nucleotides 
are lalided at two minutes and that the 
total flctiv itv of the tbyTnidme monoplios 
phitc (TMP) IS somewhat higher than 
thiimdine diphosphate (TDP) or tlivmi 
dine tnphosphatc (TTP) ^ote also tint 
the total radioactmtj of the thvitiidine 
fraction is roiighlj 100 times that of its 
nuclcotwlcs This suggests tiiat the con 
version of thymidine to TMP ts a rate 
limiting reaction and that tfie infercon 
version of the thymidine nucleotides among 
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Sf*-nFic ACTJvmr of tmywidine m vivo 



Di«cc8sio\ no I—The 8ptc«6c ftctmty of tbjmjdine followiog a «)Dgle lotrapen 
toasal lojection The dilution factor (nght hand scale) is calculated oo the basis of 
400 000 C^IT/FiMole for the miecled IbyiDidine 


CONVERSION OF C^-THYMOtNE 
TO ONA IN SPLEEN 



thcms^he*! and to DNA is quite rapul Un 
fortunately, the ettreIne)^ «in3l) quantity 
of thymidine nucleotides m «pleen (and all 
other tissues except thraus) almcet pre¬ 
cludes a determination of ■pecific nctuiU 
’^hlch v.ould Us to dr&s. definite 

conclu-ions regarding pathna^8 


Discussion table 1 gnes the rpeci/c oe- 
firtfyof thjTnidzneand its nucleotides/rom 
rat thymus Note the sharp drop m specific 
actinti from thymidine to TMP as might 
haie been anticipated from the data in 
Discussion figure S Note also that a 
further five fold dilution occure between 
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CONVERSOi or c’^-THYMiawr 
TO THYMfOtNE KUCLEOTmES IH SPLEEN 
(iO yumcpiei / rat) 



])|vrts«ioN nr 3—The con^er-ion of r“lh>m>iJine (TDU) to lh\m»iJ»ne mono 
p»io«rl'itfc (TMP), Ihjmulinc ^^lpho^pl«Hr (Tl)l‘) nnd th\miihne tnpho*phnte OTP) 
irt the pplecn of the nt foJlo«ine «n inieeiio^ of 10 (3#<e) of C“ llnmidtwr 

cpm/Km refer* to cotini* j>er rnmutc per (jnm of -pionic 


Djsli K<»tov Tahuf 1 —Th< iSprci/f Irtiri/y 
o/ Titynittiine and TkynmlinK \ufUoluie* 
IK Thiiniu$ in I »r« 
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TMP and iillii r TDP or TiP ‘*inn thrM* 
It't t«o littr tlir simr‘iK-rtfic 

, jt f* lodi tenniDruhiili 

i* pn‘fur>«>r and wimit w pnwJmt ft llHit- 
fon npprar* (iiat two ntr hniittnc nac- 
lion'ton ijrii) the nuch'otidr h rn'< 1 DR —• 
TMP and TMP - TTJ’ (or TDP which 
c\rr nppc-irs firvt) 

D N tTOAN ^\olJJJ Dr Jlijshr* roin 
tnrnt on tlic po^dnhtt of rontimml la 
Ulms with tntutcil ihtinidmr m the 
marroir (iKciri' 2f''' la)*)* nal oil* 
omtmuou‘h for ti* lone a.« ^0 da'» aft«r 
it* admini'tratinn a* phnwn lo tWhn el 
aP 


L Iltoiir* \\p foun 1 tint wlini wi 
ni»«lh jn;<'ctol th\/n;<!iHt infw a moiw, a 
j* ret ntap of it, 50 jh r r( nt or nintx, 
wa* eomertol to tntiited w iter, anil the 
ttwt could imt Ik fonml Pn-'timilh if we 
l>«*V.e down 1)NA we oiuld find tlif Tf't 
It \\t htvv not liKiVol for it In tin 
nminal i* t wliole, tritiato! water fonna 
tjofi «to}>s aJxnit nn Jioiir i>r two nftir iii 
Jt'etmn How loni'thira tliMni lm< nrixnin 
•1* tt *anthc<uinE rtID It h* in* to iin tiuiti 
P^lhh that a erll nhith i* *njfh<-*ir{fir 
DN \ nro^ht fat tifrun f ifm enrt nn** pur 
and thtrifon tl i LaUlms 
nUp'ht Ik* wnnew h it longi r—I ean I U In \\ 
dV'- liut rertamh hours ntlirr Dinii 
minutf* A Ulirlms j* no! of M) daw mu*l 
tt'-hlt frtim n uldiE-ition of tnl" I 

1 C’lUuoeir Tin* ma% lie ini' f«it for 
^ cw/i >otj Hoii) In t nnnitain flial T?ir« 
li, l„ another form of romjnn 
**wntahiation ralh'-r tlian pi*l difTtrrtil 
olla 
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KINETICS OF CELLOUVR PHOLIFEILVTION 


m gilt be a difference in tlie eni3 me content 
or acti\ itj in tlie«e eclL I m not ■nire that 
jour point woul 1 actualh hold 
t Ch^rg^fp I think it does 
G J Fniotr It •'cems possible that cells 
that are in the proce^ of growth and not 
near the time for diinsion might be able to 
break down thjTnidine whereas tho^ tliat 
arc multipKnng might lo-^ this eapacit\ 
or it might lie inhibited 

E CiURCiPF The chemist goes bv what 
he tan Lsolate It h hard to speculate about 
what might and might not happen m the 
growing coll ^^edoknow that cnzxmcs of 
degradation and 6j*ntbe«is can omir to¬ 
gether in the same cell It is just another 
\ep=ion of thesiniple«tatemcnt thatwehave 
not the slightest idea of what we mean b\ 
the organuafion of fie cell and 1 bclieie 
this applies e^en to some of the rest of the 
discassion Ob\nousl> there is a difference 
between a growing and a renting culture 
but we do know that m ca«es of partiallj 
stopped growth as for instance in the 
presence of chloroamphcnicol there can be 
s\’nthe«« and breakdonn of nN4 at the 
same time 

C P Lfblont) When a cell dies the 
ipccd wnth which the DNA is cUminatcd is 
amazing If tou gise colchicine \ou ma\ 
fin 1 m the epidermis three per cent of the 
cells m colchicine blocked metaphase «ix to 
eight hours after administration Bi 12 to 


14 hours the«e cells are gone Thisob«er%a 
tion «bow s how rapidlj the bodj gets nd 
of cells once thej arc dead In contrast as 
long as cells are alne fhej tend to per«Lt 
indeffnitelj If j ou inject thj midtne-H’ into 
3 da> oltl rats and sacnfice them at in 
tcnals up to six months after injection 
jou find tliat m some tLssues the radio 
4ut<^r»phic reaction ocerljing the nuclei 
tna\ be ]U t as inlcrisc at six months as at 
three da\s after injection* Thts result 
tndicafes complete stabihtj of DNA as long 
as the cell IS ah\c in contrast with the 
speed with which the dead cells xani-shes 
\ R Potter If jou plot the total aud 
Soluble radioactiMtx in the blood after an 
Injection of labcleil th\'midinc it drops to 
zero at the end of two hours This ^liows 
tliat there is no ctreulsting radioactiiiti 
denxed from thMnidmc cither as th^mi 
dine or anj other catabolic product This 
coidchIcs preci«el> w ith our cuiw es on CO 
output This means that as «oon as the 
mdioactint\ gets into tlic blood it is 
cleared b\ the luer The crucial eicpen 
ment is si/nplj to evamiae the acid soluble 
cxlnct of the bone marrow (he mus or 
m% other suspected compartment to find 
out if radioactintj is being segregated 
there in smaller acid soluble fragments 
since jou know that if it gets into the blood 
stream it will be cleared 

E r Cjiovxite The problem of avail 



Discissiox no 4 




^VilLARILm TIME OP HW IJIECEI‘'Oils 


117 


ahil[t\ of th\imdme for sjnt!ie«is of new 
DNA h'l'! conccmevl u-* It ts e^'Ontial that 
the effects c a^niKhilitv ttme }>e a fhort 
fraction of total DNA «^ntlle“ls time in 
onlcr to Rct a clcar-cut interpret ition of 
the xiUimati kinetns of coll cln I'lon The 
nthcr «{mple cvpcnmcnt was done of put 
ting a small Wood prr«. urc cuff around the 
abdomen of v piinca pis Inflation to 300 
mm Hr occluded the circulation below the 
Wood pressure cuff Th(n thinudine was 
injcctwl into the jugular \cin and the 
tourniquets rolex«ed at \~inous intcr\ als An 
hour thereafter the animals w ere killeti and 
autoradiographs of bone marrow and hanph 
nodes of the upper CTtremiti wire com 
pared with those of the lower e’{tremit\ 
riftcin minutes of ocilii«ion proiluceil 
substantial reduction m the gram count in 
the marrow of tht lower evtremities How 
ever after -10 minuU-s of occlusion then 
was still some labelmg m the lower ex 
trermties the ratio of labcltnft tietween 
upper ind lower extrenuti<-4 Iwing aliout 
0 1 We haM* not studnxl longer time 
mtcnals nor do I know whether a guinea 
ptg would tolerate oeclu«ioQ of the circula 
tion for much longer penods hut ccrtainU 
there is «ome form in which the tlmnidme 
or «omi product is aAailahlo after 40 min 
utes and w lueli t an b< trari«f»rt«l from the 
vippcr part of the Ixxh to tlic nvirrow of 
the lower extremities 

R L. I'oTTFR The specific acli\nt% of 
DN \ w as dctcrminnl in four different tis 
sues following a single do^ of 3 bc of C‘* 
th>midine mtniKntoneallj ’ LaWing m 
the spU-cn thmus and In er w is almost 
linfar for t)ic first hour with little or no 
fafieling in the ««xfftd fwiir In the ratestfoe 
there mac lie «omc lalichng in the «ix:on 1 
hour I think it is quite clear that follow uig 
a 'ingle dose of thi roidine iibelmg of DNA 
us essintnllj complete within one hour in 
most tissues 

G IjRECiirR Dr Potter has inificated 
that thimidme meorporatiin into DN \ 
gois. On for an hour after a single mjtx tion 
Couhl he elalioratc on what 1 apjiens m this 
hour’ Is the thcmidme aiadabJc for an 
hour’ Is it storwl in the cell’ \s soon as it 
gets into the coll is it mimeilialih in 
corporateil m the DN 1 tl ink some of 
the di ruotoas on the meaning of f?te gram 
counts of in liiidiial cells wheth r tli\ 
realh indicate tl e sjxaxl of DNA fsaithesis 


and thcrtb\ indireclh the direction of 
DN V smthesis in a 'ingle cell will depend 
on tills t \pe of consKlcnition 

R I Pomn It i» char from the 
pre% loua elides th it the radioai tuat> of the 
thxRiidmc tnpho^pliate incrca-s“s quite 
raptdh From the fall m specific acfmfi 
of thumudme a« well is the fall m total 
solu&fc rodiooc/inf^ I would guess the 
specific actmt\ of TTP would continue to 
increist for 20 tn ^0 iiimuto Bi this time 
the fpccifie actnita of tlinrudine will Ik* 
decreasing and so will that of tlnmidvlic 
acid VMictlicr or not ana of these cmae> 
cros-o\eroni another tfic^ will all be back 
to a xcia low specific actiMts b% the end 
of the first hour V \er\ im|K)rtant quis 
turn whuh tti luxe not \ct re«ol\etI u* 
whether all of the cells m a tusm coniert 
thvmidine to its nucleotides or onh those 
actually engaged m DN \ «x nthesi-, 

M rnJFDKiN The rnzx'mes m\ol\rtl m 
DN4 <\Tithosi« art more aetiw in IhtK 
cells that ore rapidh dmiling than m Uioh. 
that are resting Tie nctixitx of cnjxanes 
inxohe«l m DNA *jmthc«N npjx^rs to bo 
initfseli proportional to the gem ration 
timeofctll E cob cell* (generation tinu 
0 5 hour*) contain npproximateh 40 times 
as much polj-menw (tlic enixim mxolxoit 
m DNA santiteejs) «* prr«ent m Imne 
marrow ctlK (generation time 21 hour*) 
The ftctiMtx of the metlnhting en*xme 
mvohcd m tlnmufxhe acid 'XTitfiesL* is 
much higlier in more rapwlh dinding cell* 
such ax E roll, than m Imnc marrow 
I think Dr Potter has «\a knee that in 
regenerating h\cr, tlie enrxtnes inTOheil 
m the pliosphojabtion of tliMniline to 
fhimfdilic SCI I an I to thimtl/ntr trtfdio* 
phate merra,se niarkcxlh liefore DN K 's-n 
tle'ixstart* Itisxira important to d tor- 
mim. the factor* winch control the imer 
g«nee of tlie^ rorjanes imoUM m the 
sjmthe'W of DNA \n thex a!wax-« pn-^ent 
and inlubitwl or do tliev art«e due to 
influencx-* that we drm t un lpr>tan 1’ 

iirFnirNCii; 

1 Iterlin N I Hew H C and C 

IIq}''rtc leil Fxntlf*-i« m man after 

(Ic (Ifmim (ration nf glxcne2C‘ 

Itiocl cm J SS 4 "X I'Ul 

2 Me«*«rr It ntdl^blond C P tnpib 

Ii«f ed data 

3 Nx».atr(} O F and Poller It J Pad a 

tion Ite* to 1 CJ 1 



Ol)ser\ations on DIVA Synthesis bj Bone Marro^v 
In Vitro: StabUilj and Pitfalls 

By E Donnall Tho\us 

M \ REMARKS nre primanlj concerned with ob^enitions of DNA «\Tithe«k 
b} bone marrow in \itro The bone marrows m our expenment'iwereeither 
human marrow or rabbit marrow \o significant differences were noted There 
I'i little cell diM'ion dunng our «hort term cultures Hence we must regard this 
D\ K S3 nthc«ia as intent to dmde ’ and therefore a manifestation of potential 
abiht3 to proliferate 

DN \ sjTithe Is b3 marrow in Mtro requires intact cells Quick, freezing prior 
to incubation results m no detectable s3Tithc«is The supernatant medium at the 
end of incubation shows no acti\il5 in the D\4 fraction indicating that there 
I' no significant breakdown! of labeled cells in penods up to 24 hours 
P'S V s\ nthe !•» has been measured b3 two methods (1) Incorporation of C’* 
formate into DNA th\minc‘ (2) incorporation of H* th3mid!ne into DNA th3 
mine These chemical methods indicate over all DNA «3'nthe«is and do not in 
dicate the relative contribution b\ an} particular cel! tvpe 
The stabilit} of DNA has been evaluated in two eapenment* In the first c\ 
penment (table 1) marrow was incubated m C* formate for two or four hours 
The cells were then \ra«hed and incubated for an additional two or four hour- in 
unLabcled formate The specific actnit} of the DNA fh3TTiine increased during 
the incubation with unlabeled formate indicating continued svaithesis of DNA 
from labeled compounds atread> in the cell No cv idcnce of eachange of unlabeled 
formate walh C“ m DN A could be detected 
In the second evpenment (table 2) H* th3mid!ne was injected intnvenou 1} 
into each of two rabbits Thev were sacrificed at the times indicated the marrow 
was removed and incubated m vitro for a period of 24 hours with and without 
the addition of unlabeled th3Tnidine There vras no decrease m specific activil} 
of the DN \ th} midine indicating its stabilitj under the o conditions 

MTien bone marrow is incubated in vitro with 11* th3'm]dinc we have ob-cned 
that the specific actn it} of the th}Tnme I'olafed from DNA is about 1 70 that 
of the H* th}midine in the medium This means that the total amount of DNA 
s}aithcsized during the period of incubation is quite small Hence m the experi 
ment sliow n in table 2 the DNA synthe is occurring during the incubation w ith 
unlalieled thvanidine is not laige enough to cause a detectable decrease m specific 
activ it} 

There are s^xeral pitfalls in the measurement of DN V svnthe«i3 b} marrow 
in vitro Thn process is quite sensitive to changes m pH with the optimal pH 
being alx)ut S 0 Different samples of «enim from hematologicalh normal donore 
differ b} a« much as plus or minus oO per cent with regard to their abilit} to 
promote DN k «}aitlie is This interesting propertv of -^rum de«erv es further 
stud} It complicates attempts to assav serum for er}thropoietin or for other 

From Thekfan Imoj^eoe Ba.s. ett Hospital N } anti CoJumbia Innef'itj 

College of Ph'•iciaai and ®urgeon« 'New korkCit> 
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BNA SYNTHESIS B\ MARROW IN MTHO 


no 


Table 1 —ErpeTimentai Condtltont 9S X 10* \ ueUalcd CtlU per ihq^iol 


Aliquot 

Inmbation id 
D*-F omate 
(hours) 

Ad<)ttiooal iBCQbatiDn 1 

1 IS NcalalielniFaaiute ; 

j Omuts) I 

CPU/*iM cf Tbysiin* 


1 

1 0-2 

None ' 

8,640 


2 

0-2 

None 

9,640 

9,140 

3 

0-2 

2-4 

10,800 



0-2 

2-J 

11,290 

ll,OJ5 

5 ' 

0-q 

"Ncme 

13,290 


0 ! 

0^ 1 

None 

15,190 

14,240 

7 

(W 

4-8 

16 030 


8 

1 0-1 

1 4-8 

17,750 

1 17,350 

9 

1 0-8 

None 

19,0o0 


10 

j 0-8 

1 None 

19,500 

1 19,275 


From Thomas, E D andLochle, H L,Jr Desoxv nboniicleic acui 6% nth^t* bv Lone 
marrow cells m vitro Blood tS 10S&-1095,1957 


Table 2 


FUsk ' 

Hours Aft«r laj«<tion* 

lloun u) litre 

DSA ThnniBC Specif s 
(CPM/iil) 

1 

1 22 

0 

592 


1 

4 

625 



9 

620 

No Garner 


22 

600 



29 

726 

2 

22 1 

0 

620 



4 

653 

1 

1 

9 

604 

With Carnert i 


22 

555 



29 

616 

3 

1 5 1 

0 

005 



4 

1186 



9 

1143 

Yo Curnee 


21 

7222 



' 29 

1107 

4 


1 0 

lOSG 



1 4 

1123 


1 

1 9 

ion 

^\ ith Carnert 


21 

943 


1 

29 

973 


•200pc o[ H* Ui\'inidine per Kg bod> weight iniectcd intra\enon«lv 
101 ;iM per ml of medium 


«timuhtor> or mhibitorj agents A major pitfall iv the mpid Ions of abiliti to 
»\*nthesizc DXA bj imirrow cells kept in \itro Figure 1 shows this loss in a 
tt^ncal Mceme tnl liquid culture* U^ing set oral other culture technics, we lute 
not J>een able to achiete better pre-cnation of DXA fwnthe«id From tins we 
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MNETICS OF CELLTJIAP PROLlFER.\TION 


THYMINE 

CPM4jM 



Fio 1 —The effect of the time of preiocubation on DNA s\nthe*i« b\ normal bone 
marrow in >accinc vial culture After the period of culture ehown C'* formate tea* added 
to the Mai Incubation was then earned on for an additional ■! hours In the pxpenment 
shown (he tnangles represent a nucleated cell concentration of 3 335 per eii inm and the 
open circles represent a concentration of 1 730 per cu mm (From Thomas E D and 
Lochte H L Jr Studies on the biochemical defect of pernicious inemia t Inxitroob 
■ervations on oxtgen consumption heme «>nthe*is and deox> ribonucleic acid sinthe'i* bt 
pernicious anemia bone marrow J Clio Invest S7 170 lOoS ) 

conclude that great caution «hou!d be u«ed in interpreting the result* of e\pen 
ments inxoh mg DN 4 «i'nthe«ts bj marrow m \itro, when the eTpenment« e^ 
tend bej ond a few hour' 


REFERENCES 

1 Tliomn* r D and Lochte H L Jr De'oxj nbomicleic acid synthesis b\ bone marrow 

cells in vitro Blood }! 1056-1095 ]9o7 

2 -and- Studies on the biochemical defect of pernicious anemia I Inxitroobser 

vations on oxxgen consumption heme synthesis and deox\nbonucJeie acid santhesis 
b\ pernicious anemia bone marrow J Clin Invest S’ 166-171 1958 


Discussion of DNA Synthesis in Bone IVIarroxt Cultures 


E E 0~GooD Dr Thomas what wa» 
the concentration of scrum used in >our 
cultures’ a.? it fre«h «erum or old scrum? 
t\c haxc done experiments in longterm 
cultures which fus;gc«t that fresh serum 
contaias inhibitor? of cell diMsion set 


tip a senes of identical cultures with the 
exception of xaning the amount of «crum 
and eonipanog old and fresh serum, con 
centrations of 80 40 and 10 per cent were 
used. Eagle s medium made up the balance 
of the solution Tlie growth was identical 



DNV srvniEsrs tN bone surro^v coltciies I2I 


m oach coaccntntion of old serum Growih 
increased progrc«SM el} as > ou reduced the 
amount of fresh serum and there tvas far 
less growth e\cn in the best culture with 
onl\ 10 per cent fresh serum tlian in anj 
of those m which old scrum w as used 

E D Tnoius Dr 0 gooff ^^haldo^t>u 
mean bj old serum ? 

I L Osgood Commercial!} ai-adable 
Courtland* s^nim ktpt in an ordinar\ 
refngerator 

h 1) TiioiiAS 11 itli regard to tl c 
question about conecntration of serum we 
iia\e u«e<l concentrations ranging from o 
to SO per cent customanh somcnlierc 
around 30 to 40 per cent Preiioasl} we 
publi«h(*d a cuiae shouing the effect of the 
concentration of serum on DN A s}'nthe«is * 
No penim at all !•> ccrtainh bad Hm i>or 
cent serum will mcrcJi'C the rate of D\\ 
s\nthesis \s I remember if we arbitranlv 
start the amount of nthesis olj«cr\od with 
so per cent scrum as 100 per cent tlicn no 
sirumisoftheortlerof IS o per cent scrum 
brings that up to 2o per cent or so and tl e 
cun t Ici els off at about 50 per cent scrum 

c ha^ c not found an% c\ idcncc of toaicitj 
of high concentrations of s?rum as has been 
suggcstftl The scrum that nc U'cd was 
collected in a batch and stored usualh in 
the deep freeze *0 h} tour definition this 
would Ix! fresh scrum 

1 I Alcfn 1 gather Dr Thomas !•» 
reiiorting specific actuits measurements 
made on cultures at i srious time* w ilhout 
n*gjnl to the cellular composition of the 
s}stem with wl ichlu isworking Itisaerv 
important to re due that non*, of tl e«e Iwnc 
marrow cultures ls self sustaining At least 
I know of no one w] o haa fct up a culture 
where he ha.s the tame ccllul irdi«tril iition 
at 43 hours th it he ftarte*! with 4flcr 4S 
hours of cuhvirt with a culture IwiUle 

•Coirtkiil loihoratonc* Ixjs togelc*. 
Calif 


tcchnic u.«ing human bone marrow, 5-00 
haie prcflommanth \cr) bte cells whicli 
for tl e mes-t part are mature non DNA 
stmtlicsuing cells If \ou look at these 
cultures autoradiogmpliicalK, tho«c cells 
\oung enough to s\nthesi2e DN \ are «till 
sj-ntliesizing it at the same rate as at the 
start of the proc*\fure I wonf r if Dr 
Tliomas is nilhiig to concede that this 
might be the reason wh% 4S hour® after a 
starting culture the DNA incorporation is 
at a low lc\ el 

1 D TnoMAs Acs cntirch Ifsoukeep 
lione marrow in \itro for an> Ien^.th of 
time the cells that arv going to di\a It are 
pone Dr Ksitha has «honn this bi mor 
phologic technics a long time ago ]f \ou 
are trjing to measure DN V s\nthcsts then 
\ou liaxe a jxior cell population to work 
with 

E L Atrux Doc nt tlial mean that 
sou hair to stud* thr* cell jxipulation 
autoruht^fapliicalh «o that \ou can look 
nt those ce)U capable of DN V s}iithc«ts’ 

I D Tijoius Tlial 8 quite right but 
}ou ire lookuiR at a sample of a coll 
population tl at» certamh not rt presonta 
tixe of tl e normal samj le 

L G I think there b no db 

agreement ]L is a riucstion of difinition 
Wlien om speaks of DNA smtl rsis one 
ought to riefinc caactl} what one means 
and when one sjx'aks of the proce s of DN \ 
s\*nthc“i3 m ana 01 e cell then apparenth 
up to tJie first 43 hour, tl ere b no «igcufi 
Tint elange in wliat } appens to anj one 
cell Of course I quite ngre*. with Dr 
Thomas that the nmnlier of cells i qnblo of 
diM ion decrea.«es aerN gw vtU 

Hf Fi-nrNCI 

I ThtwnT. r 1) nnlLoehle H 1 Jr 
^e«ox^nt onucleic aci I i>\nthe-i< l> 
IcHc marrow cells in silro Ulood I* 
lDa~ 



Studies on Purine Nucleotide BiosjTQlbesis in 
the Rabbit Eiythrocyte 

By Bertram A Lo%\'y 

T he problem of deoxjTibonucleic acid formation has man\ facets, «ome 
of iihich ha\c been di'CUS'od earher In terms of our understanding of the 
o\ er all biosj-nthetic mechanism, tnan\ uncertainties remam It is generall> as¬ 
sumed, for example, that the basic process of deoxjTibonucleotide formation 
occurs at the nucleotide lex el bj reduction of the nbo«e portion of a nbonucleo- 
tide to form the coiTe«ponding deox>nbo«e denxatixe It may be further as 
«mmed therefore that the biogmlhetic mechan!«ms leading to purine and px 
nmidine ribonucleotide sxTithess are common to both t>*pes of nucleic acid, and 
to the nucleotide coenzj*me~ 

In recent j ears much has been learned about the ‘cquence of ex ents leading 
to the biosxnthe is of the nucleotides There appear to be two general routes 
leading to punne nucleotide formation In both routes thepbo phorj lated nbo^e 
denx atix e, 5 pho-phonbo'^i IpjTopho^phate (I’REP), is mxolxed In the ‘so-called 
(k noi 0 pathxvaj, the punne is built up «tepxn«e on the fir«t carbon of the nbose 
X la a number of intermediate reactions ui xvhich the ammo acids glj cine, aspartic 
acid and glutamme as xxell as other relatixelj simple, commonlj occurring 
molecule^ «uch as formate and carbon dioxide «erxe as precursors for specific 
positions in the punne nng Thi' pathwaj is «umrnamed xerj bneflx m figure 
1 The elegant studies of Buchanan * of Greenberg * and of others hax e clanfied 
the indixidual reactions mxolxed in this bio^jmthctic mechani*-m leading to 
punne nucleotides rfe noio Intermediates haxe lieen I'Olated and their structures 
haxe been determined, cofactor rwimrements haxe been e«tabli«hed and for 
some reaction* punfiedeiizxmes haxe been prepared Since the sex era! precursors 
of the punne nucleotides are readily present in most cells, major emphasis has 
been placed upon de noio ^jmthe^is as the mechanism of punne nucleotide bio- 
sjTithesL'5 

In the so-called salxage pathxvaj (fig 2) preformed purines, presumably 
denxed from the degradation of nucleic acids nucleotide®, or nucleotide coen 
zjmes react xrith PRPP to form the corresponding nucleotides directlj *’ Smee 
purines are negligible dietan constituents it must be assumed that thej an-e 
from nucleotides that arc synthesized within the oiganism bx the de noio path 
xxaj.theonlx knoxm route leading to punne nng formation Except for unc acid, 
xxhich IS not kiioxxn to participate in nucleotide formation there is a paucity of 
free purines m the higher forms of life It has been concluded therefore, that 
free punnes onginate from nucleotides via the de noto pathway and that the 
salxage pathxxax, repre-enting a limited means of reutilization is of minor im 
portance 

In addition to the utilization of free punnes nucleotide formation has al-o 
been demonstrated by pho phorylation of nucleosides lloxvexer this txpe of 
reaction appears to be x cry limited in nature Kornberg and Pneer'* hax e de 

From the Departments of Medicine and Bioelieiiustr> Albert Em tcin College of Medi 
cine yeshiva Enixersitx New york Otj 
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S-arnino-4-imida2of« tn&siriie octd 

eorboxamid* nbofid* 


lio I—Summar} of punne nudeoUde biosjothesis b% the de noio patliw8\ 



Fig 2 —S\ nlhe«i« of pHnne DMcIeotidw from preformed punnes 1 ^ the <s3lvagp path 
«aj 


scribed the pho phorjhtioiitif'vdeno^me*indof2,C-dnmmo-9 0 D n})ofurinos\I 
purine bj tin's mcclnni'«m 

Ilecenth, particularU 'i« i rc^U of the work of DiMd^^in ind hi' rol 
league's," ** It h is become ippircnt thil the cnpncit\ for t/c noro purine e\nfhcM‘« 
mij be -omcMhit restricted It appears that «hce'prep-ircnl from \ inous mam 
mill in ind win ti'ssue' ire mciptble of dc noio 'sjnthcM'm \itro dthough 
nucleic acid' ind icid 'olublo nucleotides «oem to lx* «\ nthc i2c<i in the-e tiMie^ 
in \ no The results of thc'C ‘■tiidio hi\e «upgr'teil tint the nbiliti of the liver 
to cirrj out de noio purmc 'Milhe®!' to eompinblc r\tcnt' under lx>th in n\o 
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and in Mtro conditions maj be unique Furthermore, it has been shoira that 
liver extract® even after Ixtiling wiMniarkedl> enhance the m vitro de noio <fvn 
the«i 3 of punnes in a number of ti«‘^es that are incapable of purine S 3 'nthe is in 
the absence of this supplementation The su^estion has been made that the 
In er maj plaj a =pecnl role in punne nucleotide sjTithesis Perhaps it prov ides 
to other tissues a necessary cofaclor or more probabli, a preformed punne or a 
partnllj formed punne precursor which the deficient tissue maj then utilize 
for nucleotide formation It is rather intriguing to consider the poasiluhtj that 
de not 0 punne sj-nthe is is restncled to a limited number of organs w hich sen e 
to supplj more complex precursors for punne sjmthesis to ti sues that lack the 
capacity to sviithesize them Pertinent to this po'^ibilitj is the findmg that many 
tLs. lies with limited or no abilitj for de noto svnthe«is can utilize preformed pu 
nnca extcn«i\elj for punne nucleotide s\Tithe«i 3 m vitro^ ** ** Further sugges 
tive evidence for a special role for the liver has recentlj been prov ided bj Lajtha 
and t ane” who showed that following hepatcctomj there was a marked decrease 
m the utilization of formate C*‘ for ^-nthesis of the punnes of D\A m ribbit 
bone marrow m v iv o although D\ V thimine s\i)theei proceeded normally 
Thej hav e suggested that the hver suppbe® preformed puruic'. to the bone mar 
row cell and perhaps to cells of other ti'Sues as well 
Our current studies are concerned with metabolic processes related to the 
ageing of the erj throcj te a problem that maj appear rather remote from the 
subject of DNA biochemistrj especiallj «incc the mature mammalian erjthro 
represents one of the v etj few cell t> pcs dev oid of anj form of nucleic acid 
metabolism However our studies arc directed toward an understanding of the 
povible relationship between nucleotide metaboliTn and viability of this cell 
B> administration of gI}cine2C'*—a precursor of both the heme portion of 
hemoglobin and of the adenine portion of \TP—to a group of adult rabbits it 
has been possible to compare the metabolic «tabilitv of the^e compound ” In 
like the hemoglobin of the red blood cell which is metabolicalli stable during 
the life of the cell in the peripheral circulation ’* the adenine portion of the \TP 
of the orj-thraej-te does not evhibit this slabilitv One explanation for this finding 
woviVd be based ow a wvetabobc tewwvswl wC Ibe adewvrve dwrvwg Ibe, 

life span of the cell This po'vibihlj has been exammed in vitro bv incubating 
rabbit erj'throcj'tes with radiocarbon labeled gl>cme or sodium formate known 
punne precuror* together with or without the other punne precursors imder a 
V 3 net 3 of conditions** These expenmenfs resulted in a failure to demonstrate 
de noio S 3 iithe'is of punne nucleotides which indicates that the rabbit 613 * 11 ^ 0 - 
cvtc ma 3 not possess the capacil 3 for over all de nmo punne S 3 nthesi<i m vitro 
Since the mammalian enlhrocrte does not S 3 'nthesize nucleic acid-> or pro 
terns the failure to demonstrate de nmo punne svnthesis was not surpnsing 
However it appeared po*. ible that although the mechani m for over all rfe nofo 
punne s\nthe 13 was lacking the cell m^t be able to utilize a partial^ formed 
punne precursor with conversion to a punne nucleotide le it might possess part 
of the over all bio 3 'nthctic mechanism The compound chosen for studv was 
5-amino-l imidazolccarboxamide nbo ide (fig 3) Thi^ compound which lacks 
onl 3 a single carbon to complete the punne moictv !•» clo«cIv related to the cor 
rcTJonding nbotide the known immediate punne precursor The mcorpomtion 
of the mi'Sing carbon atom to complete the punne nng takes place v la a fohe 
acid dependent form 3 lation * 
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Ribose 

Fig 3 — Stnfcture of 5 amino-l inii<iazoIccari}ONamide nbo^ule 

ISTien nbbit erythroc\ics ^ere incubitcd with •^dium formate C“, gluco'c, 
ino'ine, and the "mall molecule punnc precur'^rs, no ndiocarbon label w ns de¬ 
tectable in the adenine of the isolated erj throc 3 te \TP The inostne w is added 
to provide a Knirce of phosphorjlated nbo«c formed bj the punnc nucleoside 
pho'phor} hse reaction ViHien the incubation mKture contained "odium formate 
C“, aepartic acid glucose, and 5 aimno-4 iraidazolecarboxamide nbo&ide con- 
"idonble mcorpontion of radiocarbon appeared m the ndemiie portion of the 
ATP (table 1) The addition of aspartic acid, to pro\ ide the source of the G ammo 
group, was found to be unnecessary Similar re^uUs were also obtained in later 
expenments in the absence of gluco'e and when I'otoriic pho«pbite bulTcr, pH 
7 2, replaced plasma as the incubation medium 


Table 1 —The Btos’jnlkeste of the A^entne of d TP tn the Pabbil Brt/Ckroeyle tn ? tiro 


lB<vbai«l* 

1 IwliUd 

Coniiwunds 

ConcntCrtt on i 

lAdea ne of ATP 

(a) Sodium formate C“ (40 pC ) 

glucose L aspartic acid L glutamine 
glycine Boduiiu carbonate, inosme 

(b) Sodium formate C*‘ (40 jic ), ' 

L aspartic acid 5 amino-4 imidazolecarbovamidenbosidc' 

tamalt/ir/too 
tal cell 

0 2 

0 2 

0 1 

0 1 

0 1 

rrm/wno'e 

4 

6o00 


Glucose j 0 2 j 

• Rabbit erj throejtes (33 ml) incubated in plasma 03 ml) al 37®C for 3 hour? 

Degradation of the adenine obtained from ATP m a "imil ir experiment in 
dicatcd that the radioactmtj was localized m cirbon 2, as would l>c expected 
if the radio formate w ere utilized for completion of the purine nng of the 5 amino 
4 imidazoIccarboNamide ribo-nle Evidence is providid, thererorc, for the rxi't- 
ence, wUhin the rabbit cr>'thror 3 *te of the cniymatic npp.ira{us for Ibe find 
steps of purine biOsjTithc«is, despite the aj^arent J lek of them or ill biosmtbelic 
mechanism One wonders whether this capncitj of the erj throcj (e rcprc>-onts ii 
funttiona! pitliw iv, neccN«>ar> for the survival of (he cell, or whether it is a non 
functional remnant from the prc-crjthrocvte stages m the Ixinc mirmw, when 
the coll had, pcrhip>, a limited ibilitj for de noio sjaithcMs One wonders nl-o 
whether a compound such is S-amino-d imidazolecarboxamule nlioside mij be 
s^nithesiznl the liver for transport to bone marrow or to other tissues for con 
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\ er^ion to punne nucleotides, in order to satisfj a requirement of that tissue as 
a re-ult of an in 3 bilit 3 for o\ er all de noco QTithesis 

The addition of 5 ammo-4 imidazolecarboxamide nbo'-ide or of g!uco>« to 
mouse Ehrlich ascites tumor cells has been found Thomson, Smellie, and 
Da\ id-on ** and b\ Hamngton,*® to result in a marked enhancement of formate 
C" incorporation into the punnes of both R\A and D\A and into the purmes 
of the acid soluble nucleotide' The function of the riboside Mas «hoi\-n to bepn 
manlj as n source of nlxi'C Hoaeier, nhen rabbit bone marrow was studied in 
a similar eNpienment, enhancement of formate C“ incorporation bj 5 amino-4 
imidazolecarboxamide nboside was al-o found, although this effect could not be 
produced nhen glucose replaced the nbo«ide These authors conclude that the 
rate of purine ei-nthe«is in the Ehrlich ascites tumor, but not m the rabbit bone 
marrow, i« probabl} related, to a considerable extent, to the aiailabilitj of glu 
cose In the rabbit eri'throcjie, our experiments have also indicated that the 
enhancing effect of o-ammo-4 imidazolecarboxamide nbo ide cannot be obtained 
when glucose replaces the riboside 

In order to determine whether the punne guanine could al-o anse in a manner 
analogous to that of adenine method to be reported elsewhere were developed 
for the isolation of guanosine tnphosphate (GTP) from the erjthrocvqe bv ion 
exchange chromatographi Guamne—prepared from GTP, isolated after incuba 
tion of rabbit erjthrocjtc* with formate C* and 5 amino-4 imidazolecarbox 
amide riboside—was also found to be exten«ivel> labeled The specific activatj 
was consistentlv found to be o to 10 times greater than the specific actmtv of 
the adenine of \TP isolated m the same expenment* Since the GTP concentra 
tion in the rabbit erjthrocjte was found to be about 10 percent of that of \TP, 
the higher guanine specific activitv mav well l>e a reflection of this difference in 
pool size 

It L> apparent that the rabbit crjthrocjie ha-» the capacitv for both adenine 
and guamne »vnthe'i« from formate D‘ and 5amino-4 irmdazolecarboxanudc 
fibo ide The postulated mechanism (fig 4) mvolvc'pho«phorjlation of o-amino 
4 imidazolecarboxamide nbo'ide b 3 a suitable kina«e* to form the corresponding 
nbotidc the compound that has been described aa the immediate punne pre 
cursor * ’ Formvlation and nng do ure result in the formation of ino inic acid 
whichmav then be aminated via the succm 3 l denvative bv the mecham m de 
scnlx'd bv Licberman “ to form adcn 3 lie acid Altematnelv, oxidation of mosimc 
acid to \anthv lie acid and immation to guaii 3 he acid m .13 occur b 3 the mecha 
ni'm descnlwd bv \bramb and Bentle 3 * The nucleotides formed m this manner 
ma 3 be further pho phon lated to the corresponding tnphosphate denv ativ es 

\n alteniativ e mechanism was also considered If 4 amino-o-imidazolecarbox 
imide was formed bv pho phorvl 3 iic cleavage of 5-amino-4 imidazolecarbox 
amide nl>o«ide bv a nucleoside phosphor 3 lase similar to the beef hv er enz 5 Tne 
dcscril)ed b 3 Korn and Buchanan " a nucleotide pvropho'phor 3 lase could hav c 
c ital 3 zed the formation of the corre ponding nliotide from 4 ammo o-inudazole 
carlmamide and PIIPP FIak> Frwin and Buchanan* have reported such a 
nucleotide p 3 rophosphorvlase m beef liver To test this povsibiht 3 , the spccificit 3 
of the rabbit nucleo«ide pho phorvlase with respect to o-aimno-4 imidazolecar 
Iwxamidcnlxisjdewastestedbv methods previous]^ described “rvidence which 
will be reported elsewhere, indicates that 5-amino-4 imidazolecarboxamide n 
1)0 ide will not serve as a sulMrate for thu> enzvme 
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Xari*Tf< »o 4 Gu«njtlic acid 


Fio 4 —Probable mechooi^ta for purine oucleotide form&iion from formiXe C ‘ and 
5 aintno-4 inudaroieoarboTsoude nboeidc 

The capacitj of the human erj'throcyte for the metaboli«m of preformed pu 
nne&MTtho-salvage pathwaj ma> be inferred from the work of Preiss and Han 
(Her,*® who «howed that an acetone powder extract of the human erj'throcj'te 
contained p> ropho«phorylas€S concerned with the reaction of atlenme hjpoxan 
thme and guanine with PRPP to form the corresponding nucleotides 

In the intact mbbiterjihrocyfem vitro the utibzation of 4 ainino-5 imidazole 
earboxamido in the pre«ence of formate'C'* for ^mthesis of the purme portions 
of both ATP and GTP, has now been demonstrated although the extent of 
utilization was not as great as for that of the analogous nboside The metabolism 
of 4 amino 5 inndazolccarboxamide to form acid soluble purme nucleotides sug 
gests that thi« compound mav serve as a 'aib^trate for a pjTopho^phorj la-^ of 
the rabbit erythrocj’te 

The utilization of the punnes adenine and b>po\anthine for 4TP and GTP 
formation has al«o been investigated The re'ultx are summarized m table 2 
Although incubation of the rabbit cij'throcj'tc with adenine-S-C’* re'tdted in a 
considerable labeling of the adenme portion of ATP, the guanine of GTP was 


Table 2 —Ulilizalion of Prefomttd Purtnttfor Purine \ ufteolirfe 
in the Rahhtt Erythrocyte 


lonbaud* 1 

1 Iwlaled 

Comijound 

Cone, 

AcUvty 

1 AiUauie Irom ATP 

Cuanint frwn CTP 


Total pm^ 

ff 

' rpm/,imoIe 

epro/amoie 

Adenine-S C“ ' 

IS 

10 

' 65 000 1 

I 300 

H>T>oxantluQe-S C'^ ' 

IS 

10 

' 5 700 I 

50 000 


• Incubated at 37’C for 3 hours la isotomcpHT^pbo^jAale bijlTer conlainin^ glucose 
(135/imoJe) 
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onh labeled to s small extent In xjen of the relatneb «mnll size of the pool of 
guanine nucleotides it maj be concluded that adenine^ is poorlj utilized 
for guanine nucleotide sjTithesi In marked contrast to the abo\e results nhen 
hxT»xanthine 8 C’* \\'as incubated with an ahQUOt of the same er^-throc^-te prep¬ 
aration extensile hbeling of the punnes of both \TP and GTP was obsened 
Since the specific ndioactixaties of the adenme and guanine w ere mx ersel} pro¬ 
portional to the approximate nucleotide pool sizes of the'^e punnes it appears 
that hiTioxanthine maj be utilized about equallj well for these two punnes The 
extcnsn e utilization of hj’poxanthine-8 C*‘ further suggests that the poor utihza 
tion of adenine-8 C * for GTP sjaithesis maj be due to a limited deamination 
of adenjilc acid to inosmic acid Furthermore the efficient utilization of hjpoxan 
thine for both adenine and guanine nucleotide sxaithe is suggests that hj poxan 
thine could be utilized succesftfull> for purine nucleotide formation m the rabbit 
erj throcx-te if it is suppbed from another oi^n «uch as the In er It should be 
noted that Abrams and Bentlej* ha\e indicated that hs-poxanthine was insig 
nificantlj utilized for the formation of acid soluble punnes m extracts of rabbit 
bone marrow although A.brams and Goldinger* had prexiouslj reported that 
h\ poxanthine sen ed as a precursor of nucleic acid punnes m rabbit bone mar 
row slices 

^\cral aspects of the biochemical capacities of the rabbit erj-tbrocjte for 
purine nucleotide bio jTithe«is hate thus been inxestigated The apparent in 
abihtj of this cell to catrj out the oxer all s^aithesis de noio of purine nucleo 
tides from the simple precursors inxitro has been demonstrated Howexer the 
enzymatic reactions constituting the final step of the de nmo pathwaj leading 
to the formation of both kTP and GTP haxe been shown to occur The abilit} 
of the enihreej te to utilize both adenine and hjTxixanthine for purine nucleo 
tide siTithesis has al*o liccn demonstrated although adenine i» a poor precursor 
of nucleotide guanine 

The significance of the^e studies w ith respect to the functionmg of the eirthro 
cjTe and Us life span remains uncertain and relates m part to the ax ailabilitj 
to the red blood cell of compoundi. such as preformed punnes and partiallj 
formed punnes or their nboside Further extension of this mxestigation maj 
prox ide an in ight into whether the circulatuig eiythroc^Ue utilizes the«e demon 
strated metabolic capacities for nucleotide sj-nthesis or whether thej repre-ent 
nonfunctional remnants of the penod of imnuituntx xxhen crjihrocjte precursor 
cell m the bone marrow were engaged m nucleic acid sjaithe^is The rlemonstra 
tion of additional biochemical capacities of the erythrocj'te has proxided exn 
deuce howe%er to eontnbute further to the demise of the concept of this cell as 
a biochemicallj inert bag of hemoglobin 

The significance of the results mth re pect to nucleic acid and nucleotide co 
enzjme I ios\Tithc«is m other tj^icsof cellsis al-o ob-curc It is known howexer 
that the erjthrocjie is not unique in its limited capacity for de noto punne bio- 
sjnthe«H m xitro and m Us marked ability to utilize preformed pun^e■^ exten 
«uelj for nucleotide sjnthe ij> It is possible that one or more centers of de noto 
purme sjnthc i« m an oi^ni m «er\e to sati fj the punne nucleotide require 
ments of the remainder of the organism bj prox iding preformed or partially 
formed purinc« nucIeo«ides or nucleotides which max then be utilized as needed 
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Triliuni-Labeletl Deoxyribonucleic Acid 

By Ellen Borenfreund Herbert S Rosenkr-inz 
WD \aron Bendich 

T he recognition that free nucleic acid«, ^\hen placed m contact wnth 
appropnate cells or ti'sues ean eau'se genetic tnin<^ormations* nnd induce 
Mral infections' or multiple tumors id mice/ has greatl 3 ‘stimulated intere t m 
the de\ elopment of adequate labeling technics to ^tudj the«e phenomena and 
related metabolic problems Labeled nucleic acids can be prepared biosyntheti 
cal]>, but this method ma> be quite restnclne For evample the preparation 
iia the bio'jmthetic route of hi^li radioaclue deoviTibonucleic acid (DNA) 
from human white cells or epennatazoa would require an exorbitant and toxic 
amount of labeled precursor Since complex molecules «uch as enzvmes and 
proteins ha\c been rendered highlj r»dioacli\e bj direct exposure to tritium 
gas (the ^ilzbach procedure ) •' it was thought that this method might 
also be applicable to DNA If this proxed fca«ible it would make it po-^ ible to 
follow the fate m many biologic stems of extenialh administered DN 4 
Accordingh, DN V was subjected to the 4\ilzbacb procedure, and a product 
was obtained m which about one of exer^ thousand h>drogen atoms had been 
replaced bj tritium It is loconcenable that this Icxel of labeling could baxe 
been achiex ed bx a bio jaithetic route 

Experisiextxl \nd Reselts 

The DNA u^ed was i«ohted from the white cells of an untreated patient with 
chronic granulocjtic leukemia Manx of the properties of the «peeimen haxe 
been described prexioud^ •• Eightj fixe mg of DN4 were exposed at 27* C 
to 2 4 cunes of tritium at a pre««urcof039 alroo pheres for 2 weeks f 4fter(his 
treatment, the«pecific actixitj wasOSO me /mg About 20 per cent of the ndio- 
actixitj was Io«t after dialj«is for 4 weeks again«t dilute salt ‘olutions The 
duil.x’«is fluid did not “bow 'pecjfic ab‘t>iT»tron in the ultraxjcJet 
To a‘!se‘« the macromolecular character of dial} zed tntiatcd DNA (H*DNA) 
=exeral t}!^^ of anal}ses were earned out 

(a) The s?dimentation behaxior of 0 003 per cent solutions in 02 M NaCl 
was determined" '* in the analx-lical ultracentnfuge ecjuipped with ultraxiolet 
optic« and the integral di tnbution of sedimentation coefficients were calcu 
hted * The di«tnbution« arc «hown m figure I A decrease in axerage «edimenta 
tion coefficient from 19 3 S for the onginal DN A. to It 4 S for H’DNA was oh 
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Fio 1 —Djatribution ot «etl mtntatioo eoefUeients of DNA {from biiman IeuLocUc») 
before and after tritiation 

sened This corre ponds to t drop in oxcroge molecular weight from o2 to 

I 20 X 10*, \s cnlcuhted from the formula of Dot> ct nl * There was al>«o (fig 
1) a conMdenble broadening of the distribution of «edimentation coefficients, 
from which it can be e'^tiimtcd that there wa> l>oth aggregation and degradation 
with the latter predomiiutmg This tj pc of change has been ob«era ed followang 
the subjection of calf tbjmus DNA to a n\« (10* to 10* r) ” However whereas 
denaturation accompanies the x irradiation of D\A* evidence was obtained 
that no significint denaturation resulted from the tntution 

(b) Tlie evidence that H'DNA was not inj moie or IcsS denatured than the 

original D\ A was obtained from measurements of the increases m ab orbanc) 
at 2G0 mft when solutions were adjusted to pH 3 0 or 13 o The hjperchromic 
effects for the original and for A were the same w ithm experimental error 

These effects have been taken is a measure of the nataenes. of I>\A (For 
referenceti and discussion cf refs S *1) 

(c) Chromatographir analj'ses wctb earned out on the cellulose denvativc 
anion exchangtr ECTEOLA as previousjj dc crjbed * The chromatographic 
profiles of the original and H’DNA arc showai ui figure 2 together with the 
specific radioactivities About oO per cent of the original DNA was recovered 
m Region III of the chromatogram le wath eluants of ammonu, which in 
creased from 0 1 to 1 0 M and which contained 2 M NaCl In contrast onlj 
about lo per cent of H’DNA was recovered m Region HI On the other hand, 
a corre pondingli larger percentage of the IPDN A was recov ered in Region 1 
(gradient increase in NaCl concentration from 0 0 to 0 5 M \aCl) and Region 

II (0 1 AI ammonia/2 M JvaCl) These differences in the chromatographic pro 
files (fig 2) c in be correlated with the differences in the distribution of sodimen 
fation coefficients (fig 1) A positive correlation between sedimentation coeffi 
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Discussion of DNA Transformation 


F Chsrokfp Hr Fnodkin hou would 
jou explain the situation in which a thj 
mine-floficjont F colt bcx-omcs capable of 
makins thttnme once it is infected b> a 
piiage particle^ ^^ould \ou assume that 
this IS an induced cnz\ me formation’ 

M Friedkin I think Sevinour Cohen 
should bo here to aatiicr that question 
There cxl^t3 an E colt mutant which is in 
capable of making thvmjnc If this B colt 
mutant is infected b\ a partieubr pliage 
this phage apparentli tran«fcr« information 
to the E edt, irhich now allons it to make 
tliNTninc for new phage DN A The point i* 
that an entime cmergtxi which cataKzes 
tht methilation of deowuniKIic acid to 
tlnmidjlit acid This enziTne was presn 
<ni«!» absent m the £■ rv/i mutant 

F Chsrgsff Dr Bendich in connec 
tion with these experiments on labeled 
tlij"mine which show this iinu«U3ll\ high 
ratio inmpanxl to the other* is that result 
repeotable for a ipien species of D\A or 
IS that more or le*» a random finding’ 

A BrNDicn A\c Ime «tudi«l tntium 
lalx-ling onl) with a particular DNA which 
had boon I'solated from the leukocytes of a 
patient n »fh chronic granulocrtic leukemia 
We ha\en t learned set whether or not the 
different fractions of the DNA all show the 
*amo phenomenon Wliat we ha\e done to 
date IS to examine the rk-lnbution of tnt 
lum in the bases of all DNA 

W Dsuf«iuk Dr Bendich I found 
Tour talk xen stimulating and proxocatne 
Would \ou expand a bit on the tumor 


slunulaton effects of certain nucleic acid 
moietic*’ 

A Bcvnicff There srcprobabli a dozen 
examples of infective nucleic acid For 
example one can prepare from a partialh 
punfied poho \ irus an RN A dev oid of viru* 
and this RN A will infect HeLa cells in 
tivue culture from which one can (hen re 
cover vims' The mo«t recent example is 
one b\ Cheng who isolated an infevtivc 
RNA from the brains of mice infected with 
Semhki Forest virus • I think the fir«t in 
the mammalian series wns bv WetkeraBd 
Schaefer * nnd m the plant «tncs bv Gierer 
and Schnmm • There are some other cx 
penments dealing with (DNA) prepara 
tions which appear to be carcinogenic ‘ * 
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Disciis<4ion of Radiation Effects of Cellular Labels* 


1\ LHcohes It fniRht Ik etpcctorj that 
im orpontion of a ^ emitting isntopt vitlim 
tlie nuhosen‘>iti\e \oliime of the nucicua 
would produce mdiobiolngiL effects I m 
( knee for the hek of rarlistion effects thus 
n;);>psr! im/jortant lo jin^ interyiretatjon of 
IsWing dnt i 

lladiation efferks in the form of cliromo 
somsl nl»emlion win. fir-t olis'rswl l»\ 
AIcQuvk and Fnedkin nemg C**lilxlrtl 
thMnidme with a «iiecifir nctmlj of 3 
cuncs per molt* With tlic ssaibbihtj of 
IPtlumidine of sjicufic actiMties up to 
3000 eunisi per mok, wore dramatic tffwts 
should 1)0 obscrveil an<l U‘ms «iich mate 
nnl wc Imc boon able to kill cclH m tis.«uc 
cuUun * Iniubition of wll prolifi rition oc 
curred when the uitrinuclearconcenintion 
of tntjuro approached tkst (oncontrstion 
of tntium oxide neet"*Mrv to produce «imi 
lar cffccta While there is no c\uhnce here 
ofanj unprcificUsltoxjceffects Chcmsnpn 
of iJTor, which includes Iwlh the mt-isurr 
ment of nuclenr \olume ind the precise 
amount of intranuclear tntium is brp* 
Consequcntlj agreement mucli cIomt than 

* The problem of possible radiation effect 
on labeled or adjacent cells is an important 
consideration in Ihe slud> of cell prolifera 
tion Time did not permit formsl ducuseion 
of this aspect at the conference However 
the participants ha>e been invited to com 
ment on the genera! statement about mdia 
tion submitted b\ Dr Hughes Moat of the 
comments were on tntiated llij-midine 
which presents a special tjTie of problem lo 
that the cnergj delisered with each di inte 
gration is confined to a small area of the 
nucleus Isotopes other than tritium present 
problems more nearly approximating tbo«e 
encountered with external radiation This is 
particularlj true for Fe‘*, on which Drs 
Robertson and Bond have commented — Ed 


an oitkr of msgnitude ts probablj fortui 
tons 

Tavlor Im found an 8 per cent ixce^s of 
chromosome breaks in bellavtiha root tips 
wbtn the nuclear content of tritium was 
ft> praiui p CO fvr 

nucleus during tin. inti r\ il inv estigated {3G 
hours) * 

Tlic 0 particlt ptxxfuwd b> a disuitcgra 
lion of II‘ h^s sn aterape energj of 5 700 
electron volt« ^mce this haa on avenge 
fangt of onlv I >i in ti.*sue mo«t of the 
energj will l>c ob«orl>txl within a \crx small 
wltimc including ita source If (hw cnergj 
IS all alisorboil in 100 m* of tiseue it will 
pmlucc sn avenge dose of 1 r to this vol 
ume Ij:lim.itmg the volume of the liella 
valia nuclcas to lie 200 p* we set that GO 
di«inlogrntjons woull provide about 30 r 
to the nucleus asstiming toinplcte absorp¬ 
tion in the nucleir volume Taj lor «avs 
tliat (he frtsjuencv of chromoBomal aberra 
lions oli^rv nd is tliat to he expei ted from 
a wnglc exposure to 50-100 r of x rnvs* 

Again the excellent agreement is pos- 
«ibl\ fortuitous m v levv of the large unecr 
taintics attendant ujion the estimates of 
automdiographie cfficitncj and of nuclear 
volume Stverthele-s both experiments 
serve to suggest tliat rough estimates of 
radiation dose msv lie made from grain 
counts and measured nuclear volumes «<> 
tliat If information on the radioscn«itivuty 
of the ceH is avaibbfc labeling levels mav 
l)e eo chosen as to avoid tlu-s corophcafion 
Altcrnativelj, it would al«o =ecm usuallj 
poe-iblc to * gjiot check ' occasional points 
m anj anafv sis using lower levels of nnlio- 
actrtitv and longer autora^iiographic ex 
po=iitft times to prove that the results are 
not radiation-ilppcntlent 

M Frieukin Dr McQuatlc and 1 liave 
continued our studies on chromosome aber 
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Di'^tcssion t\ble I — Radtalion Effects of ThymMline Labeled xciih 
Carbon H etnd vith Tritium 

(See Exper Cell Res II 249 19S6 for details of scoring) 


Treatment of on ca roots for IS hr 

M crwnoh* 
per ml 

per ml 

Number of 

merislems 

Cells scorcc 

Aberrsnt 
fells rc) 

a cronufk 

Water 

_ 

_ 

11 

SoS 

0 3o 

5 0 

Nonradioactixe thxmidine 

0 42 


12 

693 

1 58 

7 8 

2 C" tlijTnidine 

0 42 

1 26 

11 

475 

4 20 

24 0 

Mcthjl C" thjmidine 

0 42 

1 26 

10 

452 

10 2 

29 6 

Tntiated thj midine 

0 42 

1 26 

12 

667 

4 94 

IS 4 

Tritiated tknnidine 

0 02a 

22 0 

,2 

269 

09 3 

merous 

to count 


rations m the onion root tip rau«cd b^ 
radioactue thjmHlme' Our initial inxcsti 
gationo nerc with tlnmidinc labeled with 
carbon 14 in the ^position In our pn^nt 
work wc haxe eomparwl the effects of iso 
topes lotated in different parts of tlic thx 
inidine structure carlxin 14 id the 2 post 
tion carbon U in the melVi>l group and 
tritium presumabh in the 0 po«itioR Our 
prebmman data «how an a tooishing radi 
ation effect produced b% H* tlu-midinc of 
high EiKcific nctixatj (890 curies per mole) 
Almost e\en cell showed signs of radiation 
damage (Di«cussion table I and fig 1) We 
are \cn much interested in the genetic 
implii atinns of the«e cliromcR-omal changes 

J S Roderivon In considering the n 
diation dorc from indnidual di Integra 
tioas it mu t be kept in mmd that the 
units of radiation dose are intcnsne like 
temperature rather tlian extcnsuc Uke 
heat The meaning of axerage doses taken 
oxer a xolumc winch is not umformh ir 
radiated max therefore be questioned In 
cell nuclei irradiated with tritiated th>mi 
dme there will be some cubic micra getting 
oxer 100 rad and others getting close to 
zero rad Lntil more is known about the 
fine structure of the distnbution honexer 
it IS neces-Harx to make comparisons on the 
basis of axerage dose as Dr Hughes has 
done 

L D ILvxiilton Dr NI L Fuhnoff and 
1 liaxt dtSTUsed the question of possible 
radiation damage to lells from tntiatcd 
tlij-midme anil it seems highlj hkelx to us 
that this effect would not be significant in 
short term (“oxeral hours) tracer studies 
with mammalian cells In the first erpen 



Discts.MOs no 1 —Chromosome aber 
rations in a Feulgen stained cell of the 
raenstem of an onion root treated with 
Intiated tb^Tnidine of high specific actixitv 
(890 curies per mole) 

meat which M Lrrera and I did with 
leased Ivmph node preparation-- \\e were 
anxious to get radioautographs quicklj and 
incubated cells for four hours m 1 ml xol 
umc with 100 microcuries of tntiated tin 
midine At the end of this time the few 
celts that had taken up thxTnidine were 
ghosts onlx the compact grains correspond 
mg to their nuclei with a faint trace of cell 
remnants remained Wc calculated that 
these nuclei receixed 30-40 rad ami that 
this dosc of radiation under these circum 
stances produced acute cx'tolx'sis 

Howexcr m experiments of longer dura 
tion after isex enl generations of mam 
mahan cell growth and proliferation cells 
ma> show delaxed radiation effects exen at 
relatixel^ low specific actmties Therefore 
Be agrro emphatically with Dr Hughes 
that m long term studies it lx?eomes unpor 
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tnnt to niR'-ulpr ihcrk (Tponinciit*! ut Ea\ 
one-tonth the sjx'cific ncti\it\, to «h if Uie 
liiolojtic concUi'Kini arc m Iim. with tfio«e 
from tlic lii^,lur nctiNjtj tnctr TlnswouW 
l>c a fu! for ndtation <I miiRc 

It 1 'l.iut* It K |K»fk*-tWp to niiprotch 
On qtjritmri of {Xftrntnl rMli ition «I imngc 
ji) triJjiijn I'vlH’lrtl I bromoonics from }!ram 
count's in autorwlioj'njiliic pn p iritions h\ 
w i\ of total lonititums ptr rliromo^mi 
nml «■'■tttn3U'N* of tin jmilnlnhU of 
chromalHl Im-ita in tinni of loniratumi 
Wlicn tliH IS done (•I'c referenn *» for dc 
tills) oni. obtains Minutes of from 50 to 
Fcura! Iiundmf firi its p< r chromosome in 
a 12 hour iticulntnm jK-nod for lino 
chromosomes in i tipical tntintisl thvTni 
dine riniont Thi< rstiiniU is m icn 
poor numinint with llu fmjiiiiKX of ex 
tolo^H ill\ ilctcntablc alHrmtioiis m anx 
plnv ami Ulojihisc of tntium liUIM »t1!s 
llowoxcr, the rompin>^jn of cspcitc*! 
btxnVipc With rxtclocmallx (UtrstibU 
brraV irp ‘UfTt rs from a w nous ihtrirultx 
CUs>ic nnthoiU of (in-ikiRo ifob-ction are 
Rin«i(i\t onix to bnilo* nn<t ncombmi 
tioa-i inxt)l\ific rhrtmntifls or rhromo 
MfUfs Tlifssp mothfsl* af< not n<i<’qtiale for 
the inx psligation of ili«tiirl)anri'« Won tb< 
rtrm tiiral li \il of the chnunitKl The «boft 
ningt anil high lonuition dciisitx of the 
tntium ^pirtulc MiegM that tbx^ latter 
txjK of disturlnnce IS tin nxo«lbV.tK omi 
tbit chmmatul or ciiromoromo inter 
1 fungi's are rrhtmlx nre Wliilc «x 
clnngcs at tlio sufxliromituJ Icxcl nouW 
not ncrt'sfinlx con-'titutc biologic il imacc 
(th/ cell ni n lx* m. inscnsitno to tlw-x as 
an rnir (Ictcitioii jnctfxxls) tficx xxouhl 
inUrfin wnouslx xxitb autondiograpbic 
Fluibcs on cbromosomi duplication and 
scgrcgition 

I- I' Cronmtx Tlic Rinonl probIim« 
conn mcsl witb analx'sisof radiition rflfccfs 
b\ the intranuclcir IiIkI tntiitcil tbsTni 
dim 111X1: I>e<n disciissiil prtxiOB'lx * Ilj 
using the custom irj crittm of rsdiition 
injun in riibfftcu«jtjxi* Ussiips (p>kno«K 
atroplix, obxious initotic am’«t and abir 
rations etc ) wcbixi notw-cnanx clcanut 
ixiilcncc of nidiation injury in radio«cn«i 
lixe tissues of the moiLe, guiiKi pip dog 
or rat with dosi's up to I jic jier pram («pc 
cific actixitj 1 9 cuncs per milhraol) Up 


•Dr PI lilts comments were submittei! 
bj Dr \ 11 Potter—Eli 


to 04 pc per pnm has Ir'cii pixen to 
temunil pititnt<? w ithout ob\ lous cj tologic 
effcels Uoxxivir, xirx adequate autoradio 
prapfis cm lx obtained with 0 I-(J2 pc/ 
prnm in httman Ixirps with cipo'uire pc 
ntxN of JO to PO <I ijs. 

Jobnsonctid arestudunptlH radiation 
cfTicts of li’ tliymjdinc on spermatogenesis 
of the mou-H, Ilcphtion of the sjwrmalo- 
cytes IS bmlx dumtible at a Icxcl of 0 i 
#ic Rmn After higher doscs the effect m 
cm-««*s nml it a kxel of 20 jn pnm the 
effiit appn iimitcs that of about 40 rads 
of cvtcmal x rix 

ft LH quite rli-ar Ih it llie dangers of XI* 
tlixmidini ill (erms of potential eareino- 
pcnic </Feet and gcnitic Jnrards Inxc not 
IxTji naliJitcil adcquitclx a-s xct The 
aiuteiffixts ifter Jirpp doses in minima) 
Till xolume if Nine m trrnxx iiuihi iLssum 
itig spben-s wilt xnrx fmm 100 p* (radius 
alxmt *1 p) to noo ji’ (ndius ntxmt 7 n) 
Till xolunx of the nils that jurpctuale 
bemopoii-«M IS not eertim but probably 
xanes liclxxisli 200 'lOO jt* Lsing Ifuglics’ 
xilui of 10 r to a 200 p* nucleus from (50 
ill lalepntions one can estimate doses to 
xinoii“ pn/nitiu liimojioietii cells Gram 
counts oxir Die lirger nuclei m a 30 di> 
ixixisurt* nre ii.s bifih a« 00 aftir i dopo of 
01 pc pnm to juticnts If oik us umes in 
intoraiiiogpipbie c ITit lem \ of 1 0 jx r cent 
thin ire aliout 300 dhmti'pnticins per 
dix If the xoIumc i> till *siini iheaxcrage 
nmimum dire to (hi nueteut will be of the 
order of 150 r the firat fins ‘‘Uico cell dixi 
sHin m these e< Us occurs ei t n 24 boure or 
tx«n mon rapidlv in some cj-sos Die dose 
IS Ripulh <ut in hilf for hub-equent time 
pinwls In Dll alxixe computation dose 
ixisostimatcilon mwriinnwi pram count and 
a low autoradiographic ethcicntx factor 
wlmli oxerestinuites the do«c For the first 
sexen di\s (aspuraing 7 mitoses) the maxi 
mum nudear ilose would lx* of the order of 
300 r On the bteis of mean grim counts it 
wouki lx* of tlie onlir of 70 to lOO r ilunng 
till first xxeek for the jinmitixe progc-mtor 
cells as dcfinctl in my o|>emng piper of t!n« 
conference It w quite exidcnt that the 
orcrwgc doie xarips xxith autoradiographic 
tflicienij and nuclear volume of the cell 
which perpetuates hemopoiests Since nei 
titer t> known tliese mim)>ers hue little 
iral meaning Lastlx, the merage dose has 
no real meaning since onlx the dose to vul 
neriblc structures IS of sigiuficanie m deter 
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mining the effect Then is no doubt that 
tntiate<l th%midine can pnxluce effects but 
the«c effetts must be determined bj empinc 
«tulies not computation Further studies 
are needcil on the potentuil earcmogenic 
ami genetic effects of II’ th\ midinc 

L G L\jtha As mentioned b\ Dr 
Hughes the a\er3ge range of particles 
LS about 1 [i m unit den®lt^ material If one 
calculates the do^c of radiation delnercd to 
a '•phere of 1 diameter (in which most of 
the energj of a single emission will be dis 
sipated) one gets the figure of 16S rads The 
\olumc of an aserage bone marrow cell 
nucleus IS about 500 m’ an\ H’ emission 
ma\ hit anj one n* of this solume It is 
ob\ lous that it w ill be meamngle«s to speak 
of radiation flo®e per nucleus as the dose 
will be «ingularlj uneven w ithin the nucleus 
and subsequent dismtegrations rnas e\en 
affect the «amc Iji’ volume However an> 
Iji’ volume which received 168 rads has 
received a significant hit The biolc^c ef 
feetb will depend on whether this volume 
contauied a vulnerable structure and 
whether a damage to this structure is 
quicklv reparable or not 
It IS feasible—in fact to bo expected— 
that if calculated on the dose per nucleus 
the H’ rads/nuclcus produce less visible 
chromo!>ome damage than equivalent rads/ 
nucleus of x ni>'9—but this is simplv due to 
the fact that one cannot speak of rads/ 
nucleus when dealing with IP 
Nevertheless certain vulnerable volumes 
ID the nuileus ma> receive 16S rads and it 
will be left to chance uhich of the nu 
cicus will contain uhal vulnerable structure 
The two tests which maj give perhaps 
the bc«t measure of damage due to intra 
cellular IP would be (a) number and size 
of colonics grow mg out of a population of 
of H’ thvmidme containing cells GNick 
method) and (b) «tudj of mutations 
through several generations 

C G Crvddock It would seem that an 
opimon as to the toxicitv of tntium bbeled 
thjmilme will have to avrait longterm 
studies of inducttl genetic abnormalities 
Toxicitj as measured bv aitual cell death 
impairwl D\A synthesis chromosomal 
breaks etc ma«t reflect severe damage 
and the aljscnce of such changes would not 
absolve such a stralcgicallv localized iso¬ 
tope of serious long term effects in mv 
opimon Dr Hughes makes a kev statement 


wlien he ravs that rough estimates of 
radiation dose mav be made from gram 
counts and measured nuclear volumes so 
that if information on the radioscnsitivutv 
of the cel! » available labeling levels mav 
besochosen as to avoid this complication 
The mformation to which he refers is not 
available for mo«t normal mammalian tis 
sues 

L F L.VJIERTON Dr Hughes remarks 
are verv encouraging to those of us who are 
using tntiated thjmKhne as a tracer His 
ob-ervations suggest that some of the esti 
matesthathavc been made of the extremelj 
damaging effect of tntiated tlijunidine bv 
virtue of its intimate relationship with the 
DWmolccule arc unjustified Itwouldbe 
VTH interesting to know whether the di— 
tnbutton of tvpcs of chromosome abnor 
mahtios in a given material are the same 
whether produced bj incorporating trit 
laled thvmidme or bv external radiation 

H M Patt I should like to suggest that 
ci^nizancc be taken of the recent report 
bj V\ R Guild * Guild indicates that under 
certain conditioas thvmidme could deliver 
a do^ to chromosomes «ome 50 to 5000 
times greater than might be obtained from 
an equal amount of tntiated water activ itv 

\ P Bond As Dr Hughes has indi 
cated the problem of calculating the dose 
from tntiated thvmidme incorporated into 
the nucleus is an extremelj difficult one 
Because of the highlj selective localization 
of the radiation the considerations that 
ordinanlj applj to the calculation of radia 
tion dose from isotopes cannot be u«ed 
directlv Depending upon the assumptions 
made an order of magnitude or greater 
difference in the calculated value of rad 
dose delivered on a microscopic basts can 
be denved Thus little ba=B can be found 
for companng doses so calculated with the 
rad doses calculated or measured for x ra 
diation or for i«otopes such as P® and Fe” 
that are used cxten«i\elj in research and 
climcal work and which localize in highlv 
sensitive ^sterns It appears Iikelv that a 
comparison with different radiation of to 
tal erenfz within the cell nucleus com 
parable to that produced bj the disinte 
grating tntium atom might be another 
reasonable approach to seeing if tntium 
fixed within a cell nucleus is indeed as 
hazardous eompaixxl to other commonlv 
used isotopes as the calculated rad dosCs 
might indicate 
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It thus seems elenr that at present we 
must rel\ on i--otojH tlo«e levels dcluerwl 
to hioloRic Systems, nml the re«viltant cf 
fects nhtaimsl Dr HukIics Im imhrrtKl 
that Dr Drew, Dr Punter, andheluae 
ob«er\i(l (flix-ts from tntmm Inbelwl tli\ 
mithno achUal to ti -uc culturt and del »jod 
or mhjbitixl clmMon has been ob«cr\etl at 
dcr-esnslow as 02 mierocune^ per mdliliter 
of ouitiire methum Ilnwcvir, the^ results 
cannot he carnevl directK to the mammil 
III which the matenal is Riven mtrave 
tioti«Ji, liecait'e the annlabilitv times are 
WKielj different in the tno sitiiatioiis In 
addition the 'peiifie aotivitv of tlie nia 
ttrjal used will maki a ron'-iderahlc differ 
enrt. in tin amount unorpontnl It thus 
seems necess jn loRodircctlv to the mam 
m d if one wishes to obtain an i-otopi tlose- 
eflecl nlatioaship Dr Johnson m our lal) 
oritorv IS studvinR the cfficts of suuh 
incoriwntcil tntiuni Labclnl th\ muline on 
the sensitive sperinitoRonu in the mouse’ 
lit obtains difimte tffittn at I murocunc 
jierRnvm injected intravcnouslv amltqtiiv 
ocal iffrots at 0 5 murocunea per Rram In 
our studies of human licinRS wc Ime us«<l 
less than 0 5 nucroturus per t.roin and it 
18 unlikels that the tntium fias tKrturl»e<l 
till FVbtems studied to irj) appreciable 
degm In :nv pajx'r I indicat«i that one 
possible explanation for the Mpid fall m 
t)jc er>throid precursor senes vvas a ndia 
tion effect bv the trjtuted thvmnline I 
VM«h to point out ORiin howevtr that this 
IS onh one possible exjilatution and that it 
hv no means proves that the tnlialeil thj- 
raithnc had pvrturbixl the sj-stem 

J S HonFivTijON Iron 59 deeavs with a 
■10 3-daj half timebv 0 Yenit«sion except 
that in 0 3 per lent of the disintegrations a 
1 5GQ MiV 0 onlv is emitteil» The ff s 
hive ranges m tissue of mativ ceil diame 
fers, so although it is true that m the f/one 
marron the iron localize® prwlominantJj in 
tliL ervthroid senes m calculations of the 
radiation dose a uniform distribution of 
alisorhed cnergj m the bone marrow can 
be assumcil A correction for energv ab 
Borbed in bonj trabeculae is applicable,’* 
and in the moU'C where the 0 particle 
range excel ds the marrow cavitj radius a 
small lorreition for 0 jiarticle escape ap- 
jities 

Takmg 0 120 MeV as the iverago 0 
cnergj (reference II page S09) for J ftc/ 


gram, the usual lalcuUtion, using =■ 
51 2l]flC, gives a figuri of G 13 rad/day, or 
491 rul/dav with the 08 correction for 
onergv absorhcxl in tnbeculac Using as 
the Ixine marrow weight 2 I per lent of 
the l>o<l> weight, a dose of 100 /xc/Kg of 
bodj wiight would become 4 75 pc/Gm of 
bone marrow if 100 per cent of the iron 
vvm to loidlize m the lione marrow '^uch 
n high degree of localization roaj be an 
unrealistic assumption Iiut a concentration 
of onlv SO per icnt in the mirrow or 28 
pc/Gni, would givi. nn initial dose rate of 
13 7 rad/da) Interptx*ting Henness} and 
fluff s data” on iron uptake in red cells of 
rata as meaning that iron has a half time in 
till marrow of on)> one d i> t)ic 0 dose to 
tbe marrow becomes 19 8 rad If the lulf 
time in the marrow of larger animals is two 
davs the j3 dose becomes 39 0 rad 

The gamma rav dose is more didicult to 
calculitc precisclv for the peculiar gcom 
etr> of the lione marrow But w ith 43 per 
ixait of ihi gimma ravs having 1 289 MtV 
and 57 per cent having 1 098 MeV * the 
gamma lontrdmtion can he expected to 
Ck. sulfetantial in Urge nnima!'. The Ft” 
■Y mv doscionstant, r,isG 13i.m* r/mc hr 
(refiniKclI pigc75S) Assuming uniform 
distribution m the whole hodj the usual 
formula It, 10 * C F G 3ields uxing 
G loO for tilt gpometrj factor a dose 
rate of 2 21 r/ila> nt the midlme for a 
whole boiiv concentration of 100 «c/Ivg 
TIk do«c to the marrow i'» at least half of 
this or 1 1 r/da\ for uniform distribution 
and mav be somewhat higher when a large 
fravtion of the iron is concentrated in the 
mirrow although m the latter case a 
smaller geometrv factor offsets the fugiier 
conciiitralion value For small animals the 
gfomctrj factor {hmmu«hcs to 50 or le-s 
and tliedose rate is proportionatelv smaller 

L®iDg the phj ®i«il half time of 45 dav s 
as tlie elli ctiv c JiaJf time for Fe“ in the 
bodj the mtegratcfl y do^e to the marrow 
comes to about Go rad for large animals 
and 15 to 2o rad for pmall animal® (\BS 
Handbook 52 * giv cs 27 dav s as the effectiv c 
half time but more recent clinical data” 
indicates that a longer biologic half life 
obtains) 

According to the®e calculatioas the com 
buicd 0 and y radiation do®c to the bone 
marrow therefore ranges between 40 rail 
and 100 rad for an initial whole Iwly con 
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centratioiiofFc‘’oflOO;ic/Kg depending 
on tl c «ize of the animal 

F Stoiilm^n Jr In considering Fe** 
dose to tl c marrow there are “ci era! points 
worthj of mention Tl e/3*lo«c delncrcd to 
the marrow will \ar} with the craeigencc 
time of the red eell the dciclopmental 
stage at which Fe enters the red cell and 
the percentage of injected iron incorporated 
bj the red cell precursor® Thus in the rat 
where pronormohlasts take up little iron 
the Fe** marrow time is substantially 
less than in <Iog or man where earlier pre 
cursors arc heavilj labeled Tliw is reflected 
lo a peaking time of 48-fO hours in the 
rat m contrast to 06 hours in doj* and roan 
Moreover in the rat only about 50|)er cent 
of the injected dose of radioiron eventually 
emerges in the mature red eell whereas m 
dog an 1 man the figure is 70 to OO per cent 
These coasiderations mav lead to a two- 
to fourfold diRerencc m the marrow (lo«e 
of different species 

The do-^ anting from gamma emissions 
continues to be delivered to the marrow 
after cmcrgcnec of Fe*' from the marrow in 
mature red cells Nevertheless ductodilu 
tion of label one can follow no more tlian 
about three generations of the erythrobla® 
tic progeny Thus the life of the auto 
radiographic study is of the order of seven 
davsorloss Accordingly for calculation of 
dose to the population under study a 
value of 0 09S (the fraction dchvcrwl per 
week'*) X total dcliv-cretl do«c would ap 
pear appropriate 

L HccuES Generally tlierc apiiears 
to be concurrence with my remarks on 
radiation effects from tntium Fnedkms 
data suggest that the radiotoMCity in onion 
roots aL o may lx interpretable m tcirns of 
nuclear concentration The tremendous 
effects observ ed with H’ thvmidme of high 
specific activity arc m line with our own 
observations in tissue culture We find Hg 
mficant killing at the much smaller con 
centrations of 0 02 microcunes/inl of cul 
turt medium Whether tlus is a result of 
greater radioscnsitivitv of the HeLa cell 
or onlv of greater permeability cannot be 
(lisoornetl from the evisting data Of course 
these results cannot be extended to whole 
animal studies “mee the relevant data 
woull be the intranuclear concentration 
Willie tl IS has not been quantitated in the 


HeLa cell cvpenments autoradiographs 
show that it IS obv louslv manv times that 
attained in in vtvo lalxhng studies 

The problem of nonuniform distribution 
of radiation from tntium has to be con 
sidercd from several points of view First 
within the dose rangt we are considenng 
the amount of tntium is great enough so 
that statistical fluctuations m the decay 
process wall not appreciably alter the dose 
pcrctll Thenfore radiation effects result¬ 
ing from single hits such as mutations and 
perhaps carcinogenesis which depend on 
the total number of ionizations per ctll 
should be equivalent for the same accumu 
lated dose whetlier from s rays or (3 par 
tides However effects dependent upon 
multiple hits might reasonabh be evpectcd 
to depend on the distribution of these both 
in time and space For such effects the 
c1u«tenng of lomzations produced by tnt 
lum might markedlv alter radiosensitiv ity 
That tntium has shewn no large differences 
m tenns of relative biologic effectiveness 
suggests that the damage resulting from 
hits IS a Iditive and repair proeesKS are 
not important 

Willie the nature of the radiation does 
not seem too important its concentration 
within the radiosensitive volume ccrtainlv 
does One might evpect that the effects we 
have noted for intranuclear concentration 
might be further extended to mtrachromo- 
somal conccDtration ' The fact that «uch 
effects have not been observed mav merely 
mean that dunng most of the cell cvcie the 
cliromosomes are =o diffuse and mter 
meshed that any 0 particle passes thru 
several of them The hypothetic effects 
postubted by Plaut to justifv hi» mech 
anLsm of chromosomal duplication seem 
highly improbable to me 

In conclusion it must bo said tliat the 
whole radiation story is quite fragmentary 
and much more data is needed Possible 
complications in the interpretation of 
tracer evpcriments due to the radiation 
used seem generally susceptible to direct 
estimation The po«sibl health hazards 
from ingestion of tntiated compounds 
depend brgelv upon retention and re- 
utiluation of the label Wlule Guild a esti 
mates' of this hazard are probably extreme 
th^ nevertheless serve as a timelv re¬ 
minder 
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tcntration of Ic** of 100 ^c/Ivg dopradu^ 
oil the ‘•ize of the animal 

F bToiiLNUv Jn In con'^idenng Fe‘* 
dose to the marrow there are several points 
worth} of mention The ^dose delucrtd to 
the marrow will \ar} with the cmcri,ente 
time of the red cell the developmentid 
stage at which Fc enters the rcil cell and 
the jiercentage of injected iron incorporated 
b} the red tell precursors Thus m the rat 
where pronormoblasta take up little iron 
the Ft** marrow time is sulistantiall} 
less than in dog or man where earlier pre 
cursors are hcavilj labeleil This is reflected 
in a peaking time of 48-00 hours in the 
rat in contrast to 96 hours m dog and man 
Moreottr m the rat onl} about 50percent 
of the injected dose of r^ioiron c\enluaU> 
emerges in the mature red cell whereas in 
dog and man the figure is 70 to 90 per cent 
Tlitsc cou«ideratious mav lead to a two 
to fourfold diflerentc in the marrow dose 
of diflerent •'pt'cica 

The dose arising from gamma emissions 
continues to be delivered to the marrow 
after cmcrgenct of Fc‘* from the marrow id 
mature rcil cells Nevtrthckss ductoddu 
tiOD of labtl one can follow no more than 
about three generations of the cr}throblas 
tic progen} Thus the life uf tlic auto¬ 
radiographic studv is of the order of seven 
da}8orlcss Accordingl} for calculation of 
do&e to the population under ^tudv a 
value of 0098 (the fraction delivered per 
week**) X total delivered do«c would ap 
pear appropriate 

L Hugues Generali} there appears 
to be concurrence with mv remarks on 
radiation effects from tritium Fncdkuis 
data suggest that the radiotovieit} in onion 
roots also ma} be inteqiretablc in terms of 
nuclear concentration The tremendous 
cfficts oh«encd with IP Uremidinc of high 
spc'cific activit} are in line wath our own 
obfcrvations ui ti'-sue cultun We find sig 
mficant killing at the much smaller con 
centrations of 0 02 microcurics/ml of cul 
ture mechum Wlictlier this is a result of 
greater radiO‘<-iisitivit} of the IIcLa cell 
or onlv of greater pcrmcabilit} cannot be 
discerned from the cxistmg data Of course 
these results cannot be evtended to whole 
aninul studies smcc the relevant data 
would be the mtranuclcar concentration 
Willie this has not Ix-en quantitated in the 


HcLa cell evpenments, autoradiographs 
show that it IS obv lousl} man} times that 
attained m in vivo labeling studies 

The problem of nonumforra distnbution 
of radiation from tritium lias to be con 
sidered from several points of view First 
within tlie dose range we are considering 
the amount of tritium is great enough so 
tliat statistical fluctuations in the doca} 
process vnll not appreciably alter the dose 
per cell Iherefore radiation effects result- 
mg from smgle hits such as mutations and 
perhaps carcinogenesis which depend on 
the total number of ionizations per cell 
siiould be equivalent for the same accumu 
latfd dose whether from \ ra}8 or /3 par 
tides However effects dependent upon 
multiple hits might reasonably bo cvpected 
to depend on the distnbution of these botli 
m time and space For such effects the 
clustering of ionizations produced bv trit¬ 
ium might markedl} liter radiosensitivit} 
Tliat tnlium lias sliow n no large differences 
in terms of relitnc biologic effectiveness 
suggests that the damage resulting from 
hits IS additive and repair processes arc 
not iin|>ortant 

While the nature of the radiation docs 
uot seem too important its concentration 
withui (he radiosensitive volume certainly 
dots One might expect that the effects wt 
have noted for intranuclear concentration 
might be further evtended to intrachromo- 
soinal concentration *♦ The fact that such 
effects have not been observed may mcrel} 
mean that during most of the cell c}cle tlic 
chromosomes arc so diffuse and mter 
medied tliat an} /3 particle passes thru 
several of them The h}polhetic effects 
postulatc'd bv Plaut to justif} his mech 
anism of chromosomal duphcation seem 
liighiv improbable to me 

In conclusion it must be said that the 
whole radiation stor} is quite fragmentar} 
and much more data is needed Possible 
complications in the interpretation of 
tracer evpenments due to the radiation 
used seem gmerall} susceptible to direct 
estimation The possible health hazards 
from ingestion of tntiafed compounds 
depend laigel} upon retention and re- 
utiiizatiOD of the lalwl W hile Guild s esti 
mates* of this hazard are probabl} evtreme 
they nevertheless serve as a timel} re¬ 
minder 
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ccDtration of 4 c” of 100*ic/Ivg depending 
on the size of the animal 

1 bTOiiULKN Jr. In Lonsidenng Fe** 
(lose to the marron there are sc\ era! points 
worthj of mention The ^ do^ delivered to 
the marrow will vatj with tliC emergence 
time of the red cell the developmental 
stage at which Fe enters the red cell and 
the percentage of injected iron incorporated 
by the red cell precursors Thus m tlie rat 
where pronormoblasb take up little two 
the Fe‘* marrow time is 'ub tantiaUy 
less tlian m dog or man w here earber pre 
cursors are heavilj labeled This is reflected 
in a peaking time of 45-00 hours in the 
rat m contrast to 96 hours m dog and man 
Moreover m the rat onlj about oO per cent 
of the injected do-c of radioiron evcntualh 
emerges in the mature red tell whereas in 
dog and man the figure is 70 to 00 per cent 
The'O considerations mav lead to a two- 
to fourfold difference m the marrow dose 
of different species 

The do'C anting from gamma emissions 
contmues to be delivered to the marrow 
after emergence of Fo‘* from the marrow m 
mature red cells Nevertheless duetoddu 
tion of label one can follow no more llian 
about three generations of the erjihroblas- 
tic progenv Thus the life of the auto¬ 
radiographic studv IS of the order of M^ven 
da>8orlcse Accordinglj for calculation of 
do«e to the population under studv a 
value of 009S (the fraction debvered per 
week'*) X total dehvered do^e would ap¬ 
pear appropriate 

M L HcGiiES Generally there appears 
to be concurrence with mj temaTk^ on 
radiation effects from tntium Fnodkins 
data suggest tliat the radiotovicitv in onion 
roots also maj be interpretable in tenns of 
nuclear concentration The treiDcndoiis 
effects obscn cd with H* thvmidioe of high 
specific activit) arc m Ime with our own 
observations in tissue culture Mefiod«ig 
nificant killing at the much smaller con 
ccntrations of 0 02 microcuncs/mL of eul 
tuns mcihum \\'hether this us a result of 
greaUr radio-ensitivitv of the HeLa cell 
or onh of greater jKsrmcabihtv cannot be 
disccmed from the e\i ting data Of eouro 
th(>s? results cannot be evtended to whole 
animal studies since the relevant data 
woull 1)0 tie mtranudear concentration 
Millie this has not been quantitated in the 


IIcLa cell evjienmcnts autoradiographs 
show that it IS obv lousl} man> times that 
attained m in vnvo lalxiling '■tudies 

The problem of nonuniform distnbution 
of radiation from tntium lias to lie ton 
bidend from several points of view First 
vvithm the do'se range we are considering 
the amount of tntium is great enough so 
that statistical fluctuations m the doea) 
process will not apprcciabl> alter the do-e 
per cell Tliere/ore radiation effects result 
mg from single hits, such as mutations and 
perhaps carcinogenesis which depend on 
tlie total number of ionizations per ell 
shouUl be equiv alent for the same aecumu 
lated dose wliether from n raj-s or par 
tides However effects dependent upon 
multiple hits might reasonably l»e cvpectcd 
to depend on the distnbution of the«e Iwth 
ID time and «pace For «uch effects the 
clustenng of ionizations produced bv tnU 
lum might markedly alter radiosensitivitv 
That tntium lias shown no large diffen neea 
m terms of rebtive biologic effectiveneis 
suggests tliat the damage resulting from 
hits Is additive and repair processc'a arc 
not important 

Mlule the nature of the radiation docs 
not H«m too important its conivntration 
within the radioacnsitivo volume certainly 
does One might expect that the effects we 
have noted for intranuclear concentration 
might be further extended to intrachromo- 
'omal concentration.** The fact tliat «uch 
effects have not been observed raav merelv 
mean that dunng mo t of the cell cvele the 
chromofomes are diffuse and inter 
meshed that any 0 particle passe's thru 
several of them The hvpothetic effects 
populated bv Plaut to ju'tifv his mcch 
anbm of chromosomal dupbiation «ecm 
highlv improbable to me 

In conclusion it mu«t be said that the 
wliole radiation story is quite fragmentary 
and much more data is needed Possible 
complications m the interpntation of 
tracer expenments due to the radiation 
UM-d w.'cm gcnerallv su«ccptible to direct 
estimation The possible health hazards 
from ingestion of tntiated compounds 
depend largely upon retention and re- 
utiluation of the label While Guild s csti 
matess* of this hazard arc probablv extreme 
they nevertheless tervt as a timclv re- 
mmder 
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DNA Studies of Wliilc Blood Cell Fonuatiou, 
Distribution and Life Span 

Dj Dimel L Kune 

S E\'EIl.VL ‘i'EARS \G0 when it was c tablt bed that radiopho«phorus i,s m 
corporated into the dooxjnbo c nucleic acid (D\ 4) of cells at the tune of 
their formation, and rcmauis ^tably bound throughout the lifetime of the cell we 
beigan our investigation of the life «pan of the white blood cells In general the 
work progi-essed as anticipated and vet today many experiments later we ore 
Ie«« <>ure than ever of how long the white cells live 
Our fip't experiments con«isted ui the oral administrution of P” is inorgmio 
pho phate to a group of «>even patients who did not exhibit an> «igns of hennto 
logic disorder*’ Samples of blood were obtained periodically for three weeks 
The white cells were collected and the epccific activity of the DNA phosphorus 
(DN V P) was determined The Schnudt Tbannhauser procedure the basis of 
the method we u«cd for D\ 4 isolation has been cnticized ’ but we have never 
been able to detect actu itj ui unlabelcd DNA vvhich w as isolated from a v anety 
of tLs-ues m which the other pho phorus fractions were heavily libeled The 
newer method is undoubtedly superior as judged by sensitive chemical tevts 
but under the conditions of our expenments our analj 'es of DN 4 appear to 
Iw sati factoiy 

In figure 1 each point e.\pressed as counts per minute per mg DN 4 P rep¬ 
resents the average obtamed from five to «even patients The total and differ 
entnl counts of tbc'c patients remauied wathiu normal limits tlm ughout the 
expenmental penod I ittle actiMt> was found before the fourth da> at which 
time there vias a diarp mcrea'se in circulating DN4 labeled leukocjtes This 
higli level was maintained until about the tenth daj when activitj decreased 
abruptly but did not disappear pntirel> In the** expenments onij two or three 
pomts were obtamed for each subject between the fifth and tenth dajs 41thougIi 
the av crage v alues resulted in an apparently ’miooth plateau ^ub-equent analj 
sis has '•hown that this is rirely found m an individual 4fter the abrupt drop 
m activUj the lower level whwh wasr«ichwl pcr'i ted for a long time at lea^t 
three weeks 

The equations m-ed by Shcmiii and Rittcnberg in their classical studv on the 
From tl e \ sle LnuerMtv ‘vhool of Medicine New Haven Conn 

TIie'einvc»ti6aijoni»ere«upportedb> re carchgrantsC 22&4C2 C3 and C4 Hema from 
the National Cancer Inhtitute National Institutesof Health U b Public Health iservire 
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life ‘•pau of the red blood celK *• were employed us to calculate the point of 
the maximal rate of diMppearouce of Ubeltd cells (hg 2) Tins w is found to 
occur 13 dajs after I'Otope admmistrition and about 9 dajs ifter the Midden 
influx of labeled cells into the cireuUtioa Vlthough we recognized the Imutcil 
interpretation which could l>e hosed on these data, it Micuicd that the intcr\ il 
between tbe pointsof sudden increase and rapid fall debueated i nnaimum aver¬ 
age life span for leukoci'tes which was \cr 3 much longer than the geiicnllt 
accepted \ alue of a few hours (hat had liecn mferred from noiiisotopic c\pcn 
meiit'' 

Ihc-'C measurements had been made of the kukoc> tc population is a whole 
Dr Ottesen, m Denmark, kindlj provided us with tlie details of his method for 
separation of Ijmpliocjtes from granuIoc>tcs and we also learned that he hid 
carried out experiments smnbr to ours ■^teral )ears e irlicr, although thci utre 
not published until later '* LMtig a luodificatmii of this (eclimc ” we studied the 
appeinnco and diMippcannce of labeled I>mpboc).'tts and gnnulocslcs in i 
senes of polycythemic patients who roceued 1'**^ In figures 1 uid 4 the clase 
rcMimblance of thesj curves to those (hat hid been obtauved t irher is ipparcnt 
Isotc that even the averaged curve of the lymphorvtts ‘>how^ distinct |>eiks at 
aliout the fifth and ninth d os 

III conaidtnug tbe possible reaMins wlo nonisotopic measurements give diurt 
life «ipans (hours) as compared to the expenments fda>s), a review of the 
literature reveals that the life «pan values fall into three group-> difiending on 
(ho methods used 
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1 Veb^ Short Life Spin 

(a) Thc*^ methods are ba^ed on the persistence of cells introduced from one 
animal to another The cells maj be labded or unlabeled This category includes 
cro«SK:irculation'* and transfusion** experiments The cells introduced disappear 
Mithm an hour or tuo, a findmg nhich is mo<t ea^il^ explamed bj the ‘^grega 
tion of cells m certaui capillary beds, particularl> ui the lung The astounding 
capacity of this segregation mecbanism has been effectwelj demonstrated m 
the heart lung preparation * By measurement of artenoi enous differences * and 
by the use of m \i\o tagging with fluorescent d>es this mecham m has been 
'homi to occur ei cn u hen the cells are not introduced from without The pc'!*! 
biht> must also be considered that the release of new cells may be mbibvted by 
the introduction of white cells into the circulation 

(b) Replacement of a depleted cell population These expenments include 
panbio«is in which one partner n, leukopenic** cross-circulation under «mnlar 
conditions * and leukophoresis * The extensive leukophore'^is studies from Crad 
dock’s hboratory, which were performed with and without iwitopes and Hoi 
luigsworth and Fmch s cross circulation expenments have provided solid evper 
imcntal conflnnttion of the existence of truly enormous white cell reserves in 
the body It is obvious a» these authors recognised that the time required to 
replace a white cell deficiency is not a life •-pan measurement 

(c) Cannulation of the thoracic duct” ynclds a life span of 12 hours 
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Fio 2 —Curve V Chaoge in *peci6c activitj of DN \ phosphorus of circulating leuVo- 
c>tcsinmaD from tenth to twentieth dsjs Curve B Curve A corrected for inSow of la 
beled cells 
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DAYS 

Tia 3—Specific activity of DXA phosphorus of circulating graButoc>tes in pol> 
C} tbeoiia vera aod ooroisl leukoc} te curve 



Fig -< —Specific activilj of DN \ pho<pborusofc<rculatinglsmphoci tcsinpoijcj tbcrau 
\cra and normal Icoloej te cune 

2 ISTLlUilDLlTE Ij»J SPl^ 

Iti thcs; cxpcnmcnti, the ctlls wut* hi mio uith fluon.-'cent nr 

dtisopropyl fluoropho'plute (DFI*).* 4^11 but t fti\ of -uch LilxU’d Bn«ult)c>tca 
lii-jpIKarcii from the circuhtiyii uithin IShuun. I'lints intluti the kuLnpotelJC 
U»*ues may explain the longer blood »ir\i\al lime fouml m tlu'-c ‘•tudicK thiii 
IS M-cji when Libckil cclU arc mjtclcd into the circul itwm 
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3 Longer Life Sp\n 

^\'hen cells are labeled in \»o with radioisotopes tliat become firmly bound 
lo stable cellular constituent" labeled granulcKij'tes are delcctible m the circula 
tion for o to 13 dajs after P*- * ” ’• 13 dass after Fe” Cr“ or S“ and 9 
dajs after C* guanme or adenine adimnL-tration * The picture in regard lo 
Ij"mphoc>te3 \anes considerablj for reasons which will be discussed Twotjpes 
of Ij-mphocites with life "pans of 3 days and 2 or more months re pecti\elj 
have been po«tuIated* *’ ** in studies in which P” Fe** and C** were u^ed 
Intermediate values have also lieen obtained * 

It is not difficult for one who has U"ed isotopes to point to ov erwhelmmg ev i 
deuce that most of the nomsolopic procedures might more properly be termed 
deficiencj replacement time or blood clearance measurements However 
this dismissal of other technics by no means constitutes proof that the isotopic 
methods give a more exact measure of the actual tune of survnval of the leuko 
cjtes m the bodj In recognition of thk> fact the remamder of this presentation 
IS devoted to a consideration of the difficulties m the interpretation of P** meas¬ 
urements of the life span of leukocytes 

In an attempt to reconcile the longer life "pan measurements with the shorter 
values we decided to concentrate on the lymphocytes "incc the duct collection 
method of '^oiTey ' had yaclded a life "pan value of 12 hours in bis and other 
laboratories and it is not a deficiency replacement or blood clearance mea ure 
ment Although the number of lymphocytes earned to the blood by way of the 
thoracic and nght lymphatic ducts in approximately 12 hours is equal to the 
total number of lymphocytes found m the blood stream at any one time we 
found after P” admini"tratiOQ and isolation of D\A from the blood lympho 
cy tes m the rabbit* that a large numlier of circulating labeled cells were detectible 
for at le‘i«t 12 days (fig o) In addition we analyzed mesjutcnc lymph nodes 
and to our "urprise found that labeled cells were pre«ent in tbe-o nodes for an 
equal length of time (fig o) 

The explanation of the isotope curve of tbe"e labeled lymphocytes in lymph 
nodes pre"ents a challeiigmg problem "ince the prev lous interpretation of isO 
topically detenmned life «pan mea"uremeats is thrown mto jeopardy by this 
fiiidmg It IS possible that the cells obtained from the blood had been newly added 
to the circulation perhaps even twice a day m agreement with the duct collec 
tion data \syct we have no evidence that positively rules out this intcrprcta 
tion 

How can this findmg be explained^ The moiganic P*' of the blood declmes 
logarithmically Smee this fraction appears to be a direct precursor of D\ \ the 
re idual P** of the blood or of lymph nodes (unpublished ob=ervations) cannot 
account for this phenomenon A recirculation of lymphocy te& has been proposed “ 
but the experimental evudence is largely n<^tive The recent work of Coffey 
Everett and Remhardt with labeled thymidine^ is particularly di-couraging to 
this hypothesis 

On reflection, it occurred to us that the findmg that DNA labeled cells per«ist 
m the nodes "hould not hav e come as a surprise Approximately 3 Gm of lymi 
phocytes (the amount calcubted to be m the circulation) are tran"portcd via 
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the mam lymphatic ducts ueiy 12 hours TTiis ui\ol\cs only ibout 7 o i>er cent 
of the nniture Ij mphocj tic cells of the Ij niph nodes If these cells u ere released 
according to their age, we should not ejipcct to find Idicled lymphocytes m (he 
circulation m appreciable numbers until ibout sc\en days after i*olope adminiir 
tration Instead m the rabbit, bbclcd blood cello are detcctible nithin a fen 
hour* and in man uitbin two days, wjtb the peaks uid decline* th U h n t been 
■“bown (figs. 4 and o) ^^lth random mumg in, and release from the nodt^ la 
beled cclb should ha\e ippearcd md numtauicd i steady pi vteau m tin lilood 
Consideration of these facts leads to the umclusion tiiat a part, perhap* tlic 
major part of the newly formed lymphocyte population is di'chargcd from the 
nodes «oon after their formation and that Ihc renumder is retained for \ iryiiig 
lengths of time, dependmg on the need* of the organL.m \\ hde tlus « ould pi icc 
our findings in harmony inth the thy midine data of ^o/Tcy et al ® we are it a 
lo'y at present to e.\plain bow the nodes acquire and niiintain a high lei el of 
actiMty if the lympbocy’tcs do not recirculate 
Tiie prc-^jiice of a partly labeled pool in the ihhIcs could explain e\cral jiuz 
ziuig phenomena the biphasic blood lymphocyte cur\e ob'^r\ed bN Fichtehu-* * 
which was abolished by biteduig (he pcr^istcucc of lalicled lyrophocFtc-* winch 
can l>e detected at low IcicU for icry long times after the 'idmuiistritjon of 
radiot&otopc^* *‘and the failureof isotopccurtcs to return to a zero bisciuic 
It cannot be concluded with certainty that the lymphocytes liavc a long life 
span within the lymph nodes Scxcral lalroratones baic de^nlx'd i thrM. day 
blood peak for lymphocytes Our data slion that this phenomenon occun» within 
the node*, and suggest the possibility of tumo\cr withm tht lymph node 



Via 5 —acUMt> ot D\ V o( lynphocjlca m Ijmj L nuJet snJ LWl lu ll»« 
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Both the human and rabbit blood Ijmphoc^'te curves show several peaks The 
cells that comprise the reserve pool, therefore may be m a dj-namic state that 
could mvolve the reutilization of nuclear and perhaps other-* matenil as has 
been suggested most recently by Hamilton • The side bj side occurrence of 
Ij-mphocyte formation and disml^ratioii withm node* has been descnbed but 
not Mplamed * On the basis of these uncertainties one must be vvarj of the 
conclusion that isotope studies have proved that any IjTnphocjte has a long 
life span 

From histologic tissue culture and i-otope data O good has calculated that 
there is a ratio of approximatelj 400 Ijmphocytes outside the blood stream e\ 
elusive of li*mphopoietic organs to each circulating IjTuphocj'te ” If the mature 
Ij'mphocj'te remams longer than three dajs to Ijmph nodes and if the life span 
after release has been overestimated m isotope studies a drastic decrease m the 
extra to intracirculatoiy ratio would result Life «pan estimations and calcula 
tions of the ize and state of the cxtravascular pool are mtimatelj related pro 
ponents of a long life span point to a large pool m support of this idea and v ice 
versa ^Miile there are undoubtedly suggestions that white cells leave the blood 
stream there has been no direct expemneotal demonstration of what sue such 
a pool might be or if these celts are in equilibnum with the circulatmg cells 
\fter leukophore is replacement granulocytes came from the leukopoietic or 
gans * 1\Tien granulocjles were collected after the intrapentoneal mjection of 
Locke s solution the cells obtained were beavt}> labeled * mdicatmg that the} 
had not been diluted m a large extravascular pool Li our laboratory Mr Hinck 
ley investigated the replacement of l^miphocytes after hydrocortisone injection 
m the dog and rabbit (table 1) In both species shortly aher P*- administration 
or seven days later the cells found after the animals had recovered from the 
mduced lymphopenia came from the nodes or other sites of formation and not 
from an extrav ascular pool WTnle these expenroents do not rule out a large 
extravascular pool if it exists it has been very difficult to demonstrate that 
extra; aacular cella can return to the blood stream m either acute or chronic 
states of leukopenia The existence of a large number of leukocytes that were 
not m equilibrium with the blood cells would of course further undenmne the 


Table 1 —The Appearance of Labeled Lymphoeyltt tr» lAe Blood FoUotcing 
Hgdrocortisane Induced Lymphopenia 



TioM P* 

: Timesf CThydneorLt 

1 Linipliocytej 

Blood 

Node 

Rabb t 

8 hrs 

6 his ! 

t pjn. mj 

5 100(4) 

! DNA P 

1 40(o) 


8 br» 

— 1 

00(4) ! 

0 090(o) 

Rabbit 

7 (iajs 

8 bis 

4 -o0(4) 

4 3S0(o) 


(lays 

— 

ao0(4) 

3 0o0(5) 

Dog ! 

2 days 

10 brs 

6 440(1) j 

12 000(1) 


2 davs 

_ 

4 1 0(1) 1 

4 000(1) 


• 100 >iC /Kg I P 
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validity of life «pan measureniDiits ba'cd on Wood “ainpliiig It nuv be attractive 
md even teniporarilj to idopt a thcorj nhen it accord-i Bell uith the 

knovrn data, but it can alv) tie dan(,crous uhen, by circular rca-oimig, a long 
life span IS hypothecated bcciu&c of a Urge body pool, uid the pn-scnce of the 
large jhioI 13 inferred from a supposedly long life «pan 
It appears to us that the mterpretation of Ivniphocyie life siwn ami cell dis¬ 
tribution data from isotopic studies wall be placed on firm ground onh when the 
events occurring ui Ijniph nodes are worked out cvperimcntallj, and when the 
sue and dynamic state of the extrava-cuLir pool is ascert micd bv iclvial meas¬ 
urement We believe that with tntialed tfaynudme through direct md radio 
autognphic studies 111 combmation with 1*** mea urLinonls it will lie ixissible 
to clarify the lymph node picture and possible to dev clop i method for the s^ini 
phtig of cxtravflscular cell- m order to obtam a measurement of the -fate of 
equilibrium of the-c cells with tho-c of the blood -tream Thus the true life -pan 
of the leukocytes may be c (iniated 

SLiiM-vitr 

Most noQuotopic estimations of the vrhite ccU life -pan which give values i f 
a few hour%, ire actually meieuremciits of cell replacement or blood clcartuct 
times. InMvohbehugwatU dyes or DFP gives a granulocyte blood -urvival time 
of about I day, but more informatiou is needed before firm coiiclu ions can be 
reached The persistence of circulating lymphocylcs m wliirh 13N \ his lictii 
labeled vvith P” or other radioi-otopcs that are incorporated into viable cell 
constituents at the time of cell foroution is not a nica-ure of life ‘■pan or blood 
survival tunc, but apiicars to be a reflection of events going on m the nodes 
Thoracic duct collection data ind DN -V P® analy -es of lyanph nodes together 
with the known sue of the {wol of mature IvanphocyUa m lymph nodes -how 
that mature cells nwy remain in the nodes for Jong penods of time either m a 
stagnant or i constantly renewing “t lie \s a corollary to this view, caku! itions 
based on a G-day retention of mature Ijanphocytes in lymph nodes, followed by 
27 days in the circulation m ly grossly <nerc-tuu itc the -izc of thecxtrava-culnr 
and cxtralymphopoictic lymphocyte pool 
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Carbon"«I>abeImg of DNA in Sludyiug 
Hcinatopoiclic Cells 

t/ L D HtiuLTOS 

MCCIEVNICS of the prcNcntatioii of djla can uncon^ciou'-b distort 
mterprcUitaon V ‘studj of the kinetics of cellular jjroli/iwtion niU't ‘^kirt 
the pitfall illustrated m figures 1 and 2 
We haie studied the uicoiTwration of C“ labeled pretmvirs into the nucleic 
acids of human Icukocj tea in order to discern bio^jTithctic pathnajs of nucleic 
acid sjTithcsia md function** ThcM: pjthirat'a ha\c a<>su[nc<l prominence is 
espcculb good targets for the chcmolhcrap> of leukemia The more that can 
be learned about these patbwajs. the more rational the chemotherapeutic pro¬ 
cedures* Incorporation of punnes and p>nmjdu)ca b\ nun is accessible to e.\ 
penmentation, l>ccaU'>e man can incorporate ibt~o into his nucleic acids thus 
bypassing S}nthe''i8 from smaller precurors * * (It is to lx? noted tlut uiiUkt ui 
iny*cts and many microorgamsms this bjpa».mg has not rciched the «tigc of 
absolute dependence on exogeneous punnos and p\ nnudiiics) Studjing the 
kinetics of DNA ind RNA m human leukocytes i» thu« a b\ product of our 
studies on nucleic acid synthesis Data obtained from this tcclmic contribute 
nicely to ainlv'us of IlNA and D\ V formation and tunioicr 
Ihe dncr«ity in patterns of punne utilization among different '‘pecics of am 
mals and micriKirgani'ma* stimulated our onginal experiments on pattern^ of 
punue utilization and tumoicr m the nucleic acids of dilTcrcnt types of Icuko 
cytes in man Lntd recently most of our work lias Ixrcn done uith chrome Itu 
kcmic patients u ho had cuough ceils for nucleic acid studies \\ c itat c begun to 
Mork with iKmalologically normal subjects and \\c are U'-ing i modific ition of 
loime s modification’' of Ottc-^n » procedure” to ‘^parate iiomial ly mpluxiy Ics 
and polymorphonuclear cells. Wc cho'^ tho'^? patients with chrome lymphatic 
leukemia ui whom the predominant cell type in the pcnpheril blood w is thu 
small lymphocyte In patients mth chrome gnnulocy tic leukemia thekiikocy tes 
were poly morphoimclcar Tlios? patients liad Icukixiyte counts of it least 100 
.taw, f -•a’ajtfivaltl? .hpjiwgitoluo .Irmi aw* j.U'.’s' .u» g ood 
condition *0 th it they could be oiisenod for a long pcri<?d without ‘•{JcciOc ther¬ 
apy Patients were gi\cn oiicc intravenou Ij one or two prcsumptitc precursors 
of nucleic icids—eitlier adtnine-8 C** or giuuinc-S C” alone, or one of thc~e m 
multancou'ily with orotic acid-C*C‘* Blood was collected itintciaaU ifttr the 
single mjcction of the labeled precursors Lcukocytea were sepanted from n-d 
cells by the Use of dextrin, and stamlanl procedures were u-sed to stp.iritc nbo-o: 
nucleic acid (RN \) and deoxynbonucicic acid (DN \) from the leukocytes 
IIN V nucleotides were •^panted by pwiper electrophoresis and the DNA b.a?i.s 
or UN V puniics only by jxiper diromatograpliy The radi loctivities 1 f the UN V 
nucleotides or punnes and of the DN V purmc> and pynnudincs wtrt mrisured 

1-rum thu Divimuns «r Clmiral and l^perttnctilalCUmot) or»]>y Keit<-na<, luati 

iHie for Cancer ItescarcU New \orL City 

Tins work has beca aiJed h> a Krant fma ‘TbeCommonacanh l-ui d 

lot 
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Fio 1—The codTentional, simple minded Mew of nbat is known as the industrial 
"revolution (Figs 1 and 2 are reproduced b) kind penni'sion of I/is Tronomisf London) 



Flo 2 —But the picture is quite faW To compare rates of growth at different times 
one must go logarithmic, properlj equating the doubling of industrj s output between 
1935-19oS with the cor^e^pondJng proportionate nee m the number of copper saucepans in 
the middle ages 





CUinO\^* LAOU.ING OF D\’i 
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in on internal Geiger Muller flon counter (helium i^ibutane rauturc) \\e huie 
also studied exten^neh the mcorporatton of C‘*fonnate into i \anct} of ku* 
kemic Icukocj tes 


Ad\ vvtvges of C‘* 

Use of carbon labeled precursors to label the D\ k of hematopoietic celL> has 
certain advantages o^er u*e of P“ (a) one is more likely to be labeling a con^tit 
uent of DN \—one of the nitrogen bases—and therefore, not follouing the turn 
over of some npidlj metabolizing P compound that might l)c clo'e)> a-siociatod 
with the DNA (b) If the incorporation of the C“ prccuror into RN V is studied 
at the same time, it provides a built in control of po>^ib!e contamination of 
DNA with IlN V, this could not be is readilj controlled when P** is unxI uhtrt 
there lo a cliancc of metabohcallj active R\ V contiminating the DN V and 
therefore giving a spurious DN \ turnover This objection to P** can of course 
be overcome b) isolating the DNA labeled with P^ taking cire to remove m 
this procedure an> adherent RN V But, even vvith Lsolatcd DN \ there '•till 
remains the «mall pos.sjbjlit> of iinknoun adherent P eompounds present m 
trace amounts, but with a high rate of turnover (c) The use of appropriate 
C“ labeled precursors makes it possible to label, efficiently and indc{>cndentl}, 
all four nitrogen Ixiscs of DNA, niid, therefore to follow ‘■imultnncou'^ly the 
turnover of » numl^or of constituents in DN \ This provides further detection 
of a possible met ibolic heterogeneity of DN \ and abo additional nifi rmation 
on the stability and intcrch ingcabihty of lalicled precursors (d) It v> prolublc 
that P” 1 ibcU many P containing metabolites »> the body >0010 of which may 
persist and serve a* a slowly released source of 1*“ ihj« makt«tbt initriireUtioji 
of retention of P“ labeling in the DN \ of hematopoietic tivues difficult to inter 
pret, \Vhcn C“ labeled precursors of nucleic icid are useil they arc sjxcifically 
incorporated into the nucleic acids and their source in the acid soluUi niick'o 
tides IS rvpiJly exh msled \ftcr a “ingle lulrav enous injection m m*ui the half 
time of a punne m the blood is ~00 mnmlcs The ivailabilitv of sucli sjxcihc 
C‘* Kl)oIcd precursors for nucleic acid synthesis is thus bncf like ui oicctncal 
impulse (e) It vs possible th vl the terminal pbo phatcs m DN V niolecuh s might 
be labile and thus with an independent tuniover, coufusc omt ill turnover 
Tin'S vvvm\^vwA aiv>*'ffAh‘vn> C“ WTfttevlyrceuTVftt (fy ll VsWintlvTswitt: 

difficult to detect impurities axociitcd mth n P compound whereo-s thus? arts 
uig from C'* labeled precursors of nucleic acids <xui be nridily detected by ultra 
V lolct spectrophotometry (g) Finally the longer half life of 0‘ nukca it ea. ler 
to follow retention of radio ictivitie'* over long penods of time ith P*^ (hi.'i is 
not possible, and more<Jv cr correction lus to lie m.ide for isotope decay 

Bio'sWTiiEsis or Nlccuc Veins 

Aa previously reportc<l,‘ figure J oulhnea the p.itbwavs of the “viithc i» if 
nucleic acid puniics biiice m iininab do not reijuiro preformed nucleic acids,« r 
any nucleic acid component other than the suiglc ilom«, the utihmlion of Urger 
building blixL? for nutli 1 C icid‘■vnUicsis, “Uch is exogenous purmes hvpasHS 
the nomiil s-Mubuic p.ithway V wide \ incly < f org’inLsms utilize ext genous 




ith vayg in tlo biosyntl c«iii of UNA and DNA punncs 
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Fig -1—Pathways in ihe hioa\ntIiesi» of R\ V and DW pvntmiiinc* L undine C 
c>t]d]ne,T tlnmidioe, MP monophosphate DP diphosphate TP tri{ho«phaic 


purines for the sjuthe^ia of poljnucJeotjdca, wlh much U»cr‘ji> m p.jttcnis of 
utilization ‘ Ill mm, e\ogcnou» puniie* arc iililuetl for poI^iiuclcciiJe ••vntlie-w 
111 both KW md D\ \ Adenine appeirs not onij ua pol^niucJootide adenine 
but «onie is com crtcd into po]> nucleotide guanine, ‘‘Unilarl}, guanine la utilized 
forl>oth RN \ and DNA guanineand iscoiivertcd inU> poll nucleotide odtnmc * * 
Tlius the injection of i ••ingle C^laMed punne labtls Ixith P's V punncs—■ 
adenine kliela DN \ idenmc more thm it does DN V guanine '•imilarl> gu inuie 
laliels D'SA guininc prcforcntuli> In no instmec haie ne found in> lilieling 
of UN V or D\A p)rjmidini.s after giving labeled punne-* 

Figure 4 allow » a "inul ir flow diagram for the -jutlje-ii of nucleic acid p^Tinn- 
diiies Orotic acid is utilized m man as in other mammals for the a^nlhi-is of 
polynucleotide cyto me and uracil m HNA, and poljaiucletitide cyto me and 
tlijrainem D'N V *C“ formate in man labtls thepunncim both UN Vand PN \ 
thymine m D’SA, and, to a Icsser extent, the other pynmidmes m Ijolh Il>i \ 
and PN C“ thymidine bbel', for all prictieal piirjiO'Os onK the thvmnn m 
PNA 


L-Vdelino ot PN V PtniNts v\o Pvitixitnisus 
Figure o charts the peripheral white counts of reprc'cntatne patients with 
chrome granulocytic and ehnmie lymphatic leukemia who received -angle injec¬ 
tions of C“ 1 ibtlcd precur>«oi> Pc-pilc v»idc fluctuations ui the jx-nphcnl count, 
the decline in radio ictiv ities of the various ctimponcnts of the nucleic acids i-o- 
latcd seemed to follow a •>trady rour-e »nd did not reflect thes. ilucluatjons. 
These results suggest that the white cells in the ptnphcral blood it any out tunc 
represent a -null proportion of that porticubr cell tyjio in the Ixxlv, tlut the-c 
cells irt a rindom sample of the total kukocytcs of ibt body, ami that nuho- 
ictne labeling of the nucleic acids cf kukocytes liecomcs reUtutly rapidly ho¬ 
mogeneous for a giv cn cell ly pe, e g, the Ubtluig of the imekic acuLs ui ly niphaiic 
must tiiuilibmtc with the iiUlmg of pinphcral Ivmpiiocvles, as wilt !*• 
seen Later fnim idditional data 
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Fto 5 — I enpheral leuLocj te counU aad treatment of (a) M \\ cfageSO «ith chrome 
^aauloc}tic leukecma (b) F R ^ age47 aithcbroo c IjTopbatic leukemia (e) C K ^ 
age 66 «ith chrome i^mpbatie leukemia (d)J D age-iS vitb chrome lymphatic leu 
kemm 

Figure 6 <>hons the incorporation of adenme mU> the RN k and DN k of a 
patient uith chronic gniimloc>tic leukemia Tumoicrs of DN k adenine and 
guanine are \ery similar to those m RNA, su^stuig that these cells are rapidly 
dniding -k sunilar relatioQ'^hip holds m Other rapidly dnidmg tissues eg, bone 
marrou and intestine Little radioactiMtj is demonstrable after 100 dajs In 
contra';! m the Ij-mphocjtes of a patient mlh chronic l>mphatic leukemia (fig 
7) mcorporation of adenme mto the DNA is much less than that mto the RN k, 
and beside there is an une\pected prolonged retention of radioactivity m both 
RNA and DN k punne« the declines beuig parallel m both punnes begmning 
at the point where both are equally labeled (D L Ivlme* has found a penodic 
pcakiwg la to.dv33i<iti\vt> la the DNA at n.hhit lyrophoeyles aad lyroph aodcs 
for a ‘•hort time after P“ Similar but less extensive Suctuations are found m 
parallel m the radioactiv ities of DNA adenine and guanine of chronic IjTnphatic 
leukemic leukocj'tes m the earlj part of the incorporation curv es after ademne- 
8-C'‘ although our curv cs are drawn ^moothl^ through these points ) Similar 
re ulta obtamed when guanmc was the precursor giv eu to another patient vntb 
chronic IjTuphatic leukemia (fig 8) The les&er incorporation mto DNA as com 
pared with RN k la inular to the relationship of DNA to RNA in slowly divTdmg 
tissues “^ch as hv cr 

Figure od gives the mam hematologic findings m a patient with chronic l>Tn 
phatic leukemia who had received both C** labeled adenme and orotic acid On 
daj 127 after the C * labeled base'* he was treated with prednisone, an adreno¬ 
cortical teroid It rapidl> shrank the ma&ively enlarged l>mph nodes and 
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spleen, and the white count rose from 200,000 to 800,000/cu mm , tlus mcreasc 
presumably reflected the release of lymphocytes from shrunken node^ Dunog 
au IS^ay period ihi* patient was on a complete balance studj lie lost 3 4 Kg 
m weight, of which, from K and P ration, >^18 Kg represented liTnphatic tis¬ 
sue Despite tins sudden large loaa of lymsphatic tiaaue and tremendous increase 
m the peripheral lymphocyte count, there waa no change m the mdioictuitiea 
of the DXA bases, which, indicated the entirely unifonu labeling of the ly raphatic 
tissue of the body at this tune Again, much less adenine was uieorporatcd into 
the DXA of lyTuphocyde than into the RXA, but utilization of orotic acid for 
PX'A nucleotides was not correspondingly m excess of that for DXA nucleotides 
(fig 9) Here, whereallfourmtrogenbatesuerelabeled—DX4.adenine,guanuic, 
thynune, and cytosine and RXA adenylic, guanyhe, undyhe, and cy tidy he ac¬ 
ids—there was prolonged parallel retention of radioactivity in all four baacs 



Fk; 6—locorporatioa ot ftileniBC'S C** iftt® ICv V aoJ DN V of sraJJuloe>tM of M W 

»jlb rhroai^ gwnuJocj tic Jculcaiu 
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Fio 7 {?«//)—locorporatioQ of adoaine 8 C* iQto RNA and DNA of liTnphoejles of 
F K with chronic bTophatie teuLemia 

Fio 8 (njrAO—IncorporatiOQ of suanine-d C * into RN A and DNA of l>inphoe>tes of 
S B chrome bmphatic teuAemia 

(both RNA and DNA) the decbne m radioactnity proceeding m tno phases 
an initul more rapid component and a residual slow component Treatment 
with predm-one did not affect the rate o{ decline of the four bases in DNA and 
RNA Similar data (fig 10) were obtained for another patient nith chronic 
lymphatic leukemia who rtweiicd C** labeled adenme and orotic acid again 
treatment with diazindmyl pho'sphonitnie—a tnethylene melaraine-like com 
pound—which wis aN^ociated with a sub tantial drop in the penpheral white 
count (fig oc), did not affect the slow decLuics m retamed radioactivities in the 
RNA and DN A nitrogen ba‘<r«, as far as could be judged from the few 'iiccced 
mg values obtained after the drug was given 

The analogous nucleic acid turnover pattern for the granulocj-te—RNA and 
DN V tumov er “seenung almost identical—was obtamed m another patient with 
chronic granulocjtic leukemia who was given C** labeled guanmc and orotic 
acid The turnovers of RNA guanjlie adenylic, undjlic, and cjtid>Iic acids were 
verj like those of DNA guimne, adenine, thimine and cjtosine, re«pectivelj 

(fig II) 

The incorporation of adenine into the RNA and DN A of poljTnorphonucJear 
leukocjtes from a patient with a Icukemoid reaction (secondary to the metasta^cs 
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cauboV'iadeung of DNA 
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Fig 11 —locorporatioo ol guAnice-S C*‘ and orotic acid 6 C* into RN ■V and D\ 4. of 
graoulocjtes of 4 P mtb chrome granuloc) tic leukemia 



Fig 12—Incorporation of ademne-SC*' into BN 4 and DNA of polymorphonuclear 
leukocjtea of G B aith leukcmoid reaction 
160 
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and RN V nucJeoUdes of polymorphonuclear leuhocNtcs were more rapid thm 
m the polynucleotides of leukemic granuloc>(c» Vs ‘•uggc.ted prcvlouslj,* the 
more rapid tumoscr of DN V m the polymorphonuclear leukocytes indicate 
that the'^ cells may ba\c a ‘^hortcr a\cmge •oirvival time than Ihcir corre ixnid 
ing leukemic counterpart (at least m the chronic phase of the di>e i^e) hut tlie 
apparent «loner tunioierof the D\ Vm the graimlocy tes of chronic grmulocy tic 
leukemia may ha\e another explanation that mil be discuss^ later 
Rrelmunary results hax e been obtauiod on a hcmatologically nomul oS y e ir 
old female patient with carcuioma of tongue and metastasts to cerxical nodes 
that had been rejected she was given both C“ labeled adenme and orotic acid 
The results indicate that adenine as such is csten«i\ely incorporated into R\ \ 
nud al-o) trail formed into UN V guamiic m both nomul polymorphonuclear 
leukocj tes and ly mphocy tes Similarly the extent <f mcorporatton ind trms- 
fomution of ademne mto the D\ V of polymoiphonuclears is equualtnt to (he 
laliclmg found in RN V and exceeds that into (he D\ V, of lymphocvte" C" 
orotic acid is hkew I'^i utilized by both normal ly mphoev tes ind graimlocx tes for 
the '•ynthc is of U\ V c\to uie ind uracil and D\ t ryto me and thymnn 
Clearly utilization of axogoncius punnos and orotic acid for polynucleotide ‘•vn 
thcMS is not a unique property of leukemic or kuktmoid leukocytes norm'll 
hematopoietic tissues iho utthzc them 

In unusual feature of the hbelmg '^n <-0 far m the D\ of the nomul 
polymturphs and ly mpluicy (c& is that the appearance of rudiuactix ity in the I)\ V 
of lymphocytes precedes by ecxcral days blielmg m the D\ k of poixmorplw 
the httcp l)cmg delayed from four to six dsy-s before it Ugins to increas* ro;>- 
idly This finding we have not previously made after C* punne® ami orolie acid 
were given to patients cither with chronic granulocytic leukemia or with leuke 
mold reactions In the 1 itter two instances there was no del ly m the ippc irance 
of label in the DN \ of the peripheral granuloeytcs thin leinitv hw incrtaxd 
rtpidly Our pixsmt re ults on the uppciranec of lain.! in normal polymorpho 
nude irs resemble result** tlut h ive liecn dc'cnlied by Ottt'Cii” (cf fig 13) and 
by Ivlme’ after P“ 
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Fig 13 —Incorporat on of P” into D\ \ of poliinorphonuclesr leukocytes and l>mpho* 
c>te* (Reproduced by pcnmsiiion of J Otte en and editor \ctapbjsol scandinav ) 



Fic 14 Incorporation of adenine 8-C‘into DN\of l^Tophoc} tea of F S mtbchronic 
Ij'mphatic Icukem a (Reprinted from Brookliaiea Syinpo« a in B olog> 10 19o7 ‘) 

phonuclcar celU are apparent!> being released more rapidly from the bone mar 
row thin normally m the normal there is a delaj of >4 dajs before labeled 
poljmorphonuclcars appear m the peripheral blood Tho> delay probably repre 
«enU a combined storage or maturation time m the bone mirrow after the last 
di\ 1 ion m granuloc>'tc dei elopment 

SkimvAi# Time op Leokdcttes 

^e ha\e prcMou Ij di«cusscd our misgitings on the u«e of these DNA turn 
o\ cr data to fix the ‘•un i\ al tune of leukocj les * * The first assumption that 
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TAOte 1 —IncoTfQtalion of ltfen«n«-S C" into if\ 1 and D \ \ of Chronic (7ranufofV<‘C 
Leulcime Lculocyta Lculerr ctd Pi^jmorphonueUar Ixtikocylct \ ormal 
Poiymorphonutlear LealocgUt anJ LyaphaeyUc IRadtoactictly of 
Itolalcd \ urUoltde or Purtnt in eounU/oiin /nM ) 
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V blank ap'ice in the table indicates sample not measured a Josh in tl e table loJicites 
no significant radioacttvit> 

\ofe Mthough the oNcr all turnover of US \ and [>N k ure >er> similar m ehrunie 
granulocjtie leukemic leukoc>(cs and teukcmoul | o^moriiboD icicar icukue%tes incur 
poralion into UNA significant}) (irecedes locorporation into DN k 

DN V. uticc formed m a cell t» meta))oItcal}> &tahlc (hroughout the lift of th it 
cell, <*cems talid ctiotigh There w no clear etidciict of mt( tbolic tumotcr of 
DN k independent of cellular du uion, ipart from Hiine aljcrnmt and nrt ntho- 
lutugraphic ub'crt ilions Hut do Icukoc>fca ime i luutc lift tike the lift "pan 
of erjtbrocyto-s—or docs their {)rubabiht> of dt^trucUun chingc \ci> little with 
age? If wc astunit th.U there is no tuniOMr of once*fonned D\ \ m a cell then 
the inconspicuous plate lUs in our data ‘^uggcsl n random di-vipix'annce of Iciiko 
cjtcsfrom thecircubtioii not finite'unnalavnilher>ihn>c>tes liut plitcius 
would not be conspicuous in "liort IncU cilb \hhough tht'O re'cnation." U id 
one to <iue tioii the mcaningfulocv» of axcrago *«ur\t\al ttme" of leukoci tcv de¬ 
nted from DN V tumotcr "tudie« «c hate calculated thcM. (from the koltcm 
intcgril equation of the fir^t kind, u* ussl bt Shemm and Uutciiln.rg“) from 
our DN k data ks we lia\e defined our u-c of the term pret i>usl>,* * it ^h()uld 
igam be emphosizcti that a\crit,e "urtit d time from our data includes tlic tunc 
from the carhc t fomution of the cell m the Iwiie marrow to iH lost appe iranta 
in the penpherai blood It thus includes all the time "pent m ili\ c ion ind iruilura 
tioii in nurrow or Ijmph noiJcs »»d the tunc pent outMilt the Mucular UaJ m 
un> 'itute Ixjfore rrki-^ into iht cireulation as will os the actu-il timi ^ptnl 
intratascuhrli If some Icukotiles "paid their time nenruLitnig it would in 
elude ilso the tune until their final disappearanro cxtrivafculirlv kgain, it 
mu t be emplutsizcd tliat theatenge Mtnnal tinu" roprc'cnt tin avingi of 
eills fcurtitmg for a •■hortcr penod and others i-unitmg longer and tlut the 
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T^ble 2 — 4t«raje fiumral Time of Leukocytes tn \fan 


CtUTypc 

^ Aolbor 

^ Ucdiod 

1 Avtrtse Sim »1 
Time u Dtys 

Leukocytes (all forms) 

Kline and ChfftoQ* 

DNAP“ 

13 


Tteisberger and 

Levine'* 

L cystine S'* 

13 

Normal Polymorphonuclear 

Ottesen" 

DNA P" 

9 

Leukocytes 

Hamilton* * 

DNA C“ 

9 

Chronic Granulocytic Leu 

0<good et at • 

DNA P** 

3 

kemic Leukocytes 

Rigas'* 

DNA P'* 

4 


Weisberger and 

Levine'* 

L-cy Stine S*‘ 

13 


Hamilton* * 

DNA C * 

23 

Normal Lymphocytes 

Ottesen** 

DNA P“ 

(a) 3-4 

(b) 100-200 

Chrome Lymphatic leukemic 

O good cl al * 

DNA P« 

30 

Leukocy tes 

O»good cl al '• 

DN\ P“ 

SI 


Weisherger and 

Levine 

L-cystine S** 

prolonged 


Hamilton* 

|dn\c‘ 

SO-So 


\ole E P CrooLite and his associates Bt (bu coDf«reare reported sD average survival 
time of nine dajs using DN V Tb>'midtne H* labeling 


range from our data is considerable * Table 2 <mmmanzes such analyses earned 
out by others and oursch c« 

The Reutiuz-^tion Hypothesis 

^Vhat 13 the significance of the prolonged retention of ridioactnitj ui IjTii 
phatic tissue? If radioactivi(> m the D\-\ of the lyinphocyie la plott^ again«t 
tune {fig 14) the decline m radioactivity falls into two phases an initial rapid 
decline then a Mon decline It is conceivable that the Mow dechne (with 
a half tune of nearly a jear) repre'^nt's a =econd t^Tie of leukemic IjTn 
phocjte wrth a much longer life than 85 day** Or might this represent the 
reutilization bj Ijmphocjtes of large fragments of the nucleic acids or imeleo 
proteins of their progenitors? Alternatively as E P Cronkito has suggested 
this might repre'ent the slow rclea-^ of labeled cella denv ed from pnmitiv e pre 
cursor cells labeled at the time the isotope was ongmally given This Htter ex 
planation would not be incon«i<^ent vvith our failure to find higher labeling in 
l>mph nodes or to perturb the rate of decline m radioactivities in the DN k pu 
nne* by altenng total Ij-mph node mass We have already disiussed extensively 
the evidence that led us to wonder about reutilization of whole liraphocjte® 
The recent work of Re*egotti’* who found the same biphasic declme m ridio- 
activitj m the hemm iron of lymphocytes lymph nodes, and thymus of rabbits 
after labeling with Fe** would be consistent wTth the po tulated reutilization 
Similarly, we have reviewed morphologic data* that «peak m favor of such a 
reutilization and reason for our attraction to this highly =peculatn e hy pothe'is 
Uthougb there has been no new evidence to ‘-'upport this hypothesis and the 
simpler explanation would be the pciSLztence of sime lymphocytes for very long 
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times, the possibility of such rcutilization must be kept in mind us perhaps ap¬ 
plying to all stages of l^Tiiphocyte production. 
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Homologous and Heterologous Transplautalion of Radio- 
actively Labeled Lymphocytes as a Method 
of Studymg Their Function 

Bj Iv.4RL'ErIE Fichtelils 

■r|URI\G THE PRESENT DEC VDE the old question of the fate of IjTnpho 
-^-'cjtes following their disappearance from the blood has been rem\e«tigated 
b> means of tran«pIantation • *-•*»» *»• The present paper discuases how 
well this method is suited to the problem c'specialli in light of results obtimed 
m experiments with radioactnely lalieled ]>mphoc>tcs 
The same laws apply to the transplantation of 15 'mphocyte ‘•uspen^ions from 
one iniraal to another as apply to transplantation of ill tissues The graft is 
rejected as the result of an antigen iiitibody reaction after antibodies have been 
formed agamst it” Tissue antibodies have not been ob'^rved before the third 
daj after tran plantation * The difference between hetero and homotniD«plan 
tation 13 one of degree the heterolo^us cell hav ing a greater antigenic effect 
When the tran'iplintation takes place between siblings (^Tigene^iotran^planla 
tion) the effect is le«s than ui homotran«plantation Lnder certain conditions 
where the fonnation of antibodies m the recipient is inhibited heterologous 
grafts can survive for a protracted period * * ” 

During the first pba'-e of unmuinsation <ome of the antigen is taken up m 
the reticuloendothelial sjstem (RES) The greater part is deatrojed much later 
in most cases after a week by means of the antigen autibod} reaction * It is 
theoretically possible that most of the tran'pianted limphocjtes can function 
in one wa} or another before they succumb to an antigen antibody reaction on 
the third daj or later The great number of mvestigations concerning the passive 
tran«miAwion of hjpersensitivitj of the debjed tjpe and the capacity to form 
antibodies with livmg l>mphoc>tes. gives ‘■trojig -qipport to the hypothesis that 
the lymphocytes function in the recipient Bibliographiea of works on this sub¬ 
ject hav e been compiled by \\ esslen Skog ** and Stavitsky ** among others 
Hams and Hams” compared the importance of antibody formation against 
the tran«pbnted lymphocy les to (hat of antibody formation by the transplanted 
cells themselves. Previously irradiated recipients of lymph node cells from ira 
munizcd donors showed higher serum concentrations of agglutmms than norma! 
recipients of simibr uspensions this difference is first demonstrable on the 
third day This is m good agreement with Bollag & observation* of tissue anti 
bodies on the third day In an experiment of the same type transplanted cells 
were taken from nonunmunized donoRi and incubated in vitro together with 
antigen A simibr decrease of antibody formation ui normal recipients as com 
pared to irradiated ones was noted as bte as the fifth day after tran pbntatiou 
V possibility that must be taken into account however is that transplanted 
From tbe Histological Department of tie Lnivers t) ofLppsala Sweden 

•The word traiuplantat on is f>ed to des gnate transfusion as well as tran planta 

tion —Ed 
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l>mphocytes maj be destroyed by antibodies prcteiit in the recipjent at the 
moment of tran'splantation Such a mechanism w uncommon 'ind cannot affect 
eoticlu'ions babied on expenmenta compn^mg i tenca of trui-^plantationa * 
^U(er tills mtroductorj ^ney of the biologic backgrouml of Ijmphocjte 
traii'-phntation, tie turn to a di«cussioii of the possible m uhich the (ruis- 
planted cells may be dealt with by the recipient Our arguments arc based on 
rc^^lts obtained with l>mphoc>tes labeled with P“ 

1 Dissolution of the TitiNaPLiNTLo Lihphocttls in the Blood 
Some of the tran-Tilanted cella nu) lie de^trojed in the blood •-tre im, but the 
results fco far obtauicd exclude the possibility of all being destroyed withm 21 
hours Tliymua cells labeled with 1”* wert iniii-pUiited from one rat to a litter 
mate After 24 liour'^, the didributioii of P** iti seicral different organ** was iti 
vesligaled and compired with the distribution following m injection of inor 
game P** It was found that after tran«phnUtiou of thjTnus cells, the relatiit 
activity m the liter and ‘■pleen wts greater than after injection of morg-uuc 
pho'phorus If ill the cells had liccn completely destroyed after Slhour^, tbcir 
P*' ought to ln\e lieen distributed m the Mme wij w inorganic phosphorus 
injected directly uito the blood Ihis conclusion pre**uppo‘C5 that the control 
experiment with uiorginic P“ ts reliable 
Two kinds of control have liccn Used when transplanting lymphocytes lalx^lcd 
with P“ uijcctions of laliclcd but dc-^troyed Ivmphocylcs ind injections of m* 
organic P” Both types h.i\e been compared by ASeisIscrger ti a! “Tliedistnbu 
tion of radioactiiity tmong lung. User, oplecn, and kidney was the Ntme 10 
minutes ifter uitravenous uijcctiou of inorganic P” or lymphocytes lalitlcd with 
P*" and destroyed by ‘•upor-oinc Mbration This diows tJut the destroyed etll-f, 
which hid probably been taken up by UCS, very <tinclJy relcaMid pho pliorus, 
iiicluduig Uiat bound as iiuclcoptolcm 
R&-carch into the behavior of the lyunphocytc reijuire-v experiments of longer 
duration” ior pnmary trin'^pUntatioii to unprepared rccipitnts one to three 
days is a suitable jicriod (sie iliovc) We know from AAcisbcrfei-rs cxpinmcnts 
ih it the phosphorus ui the dC'troyed ceil- is quicklv rck L-eiJ and diMnbuted 
like morgamc P” and Uiat the control with P" ‘■uffices for » (e-t period of JO 
minutes But what is the •■uuation when the experimental jicnod is longer^ Cm 
the traii'-plantcd ctll>, some of which uv d imaged cvtii whin e-HtfuIIy li.uidU*d, 
influence the recipient m *'Uch a w ly th it free P” is diotrihuted differently thin 
when inorganic P” is injected’ In n»\ cxpcnnients the dutnbution of DJv VP” 
has been determined ami this is dependent iiumly on the mitotic freijutucy of 
Uieorgins The f(uiatiun now iriscsoIwhctlHra Mib-laiin. in the ■m jitii-ionof 
trin-pUnted tells c m c ium: the mitotic freriuency to mcrcT>e in tlie*^? org-ms 
to which lymphocyte ictivitx could be traced Tlic activity of the (MiLplmtcd 
thv mils cells w ii tnced to the liver ind the -pictn It is mo-t improIxiblL iJjat 
in injection of ctlUcaii cm*a} the mitotic frequency of thelaer to uicr lv? The 
Inglur roUtivc ictnitv m the Iwir must ihcnforc be due to P”, still Isiumi in 
some wiy or other to whole lymphocyUs The experiment reported diyws that 
not all cells were, dc-troyed dter 24 hour*. 
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In Similar mvestigations, Fichtelius** showed that not all the cells have been 
destro>ed 48 hours after traneplantatioa Osogoe** claims to hav e found unlabeled 
transplanted l>mphocytes m the liver and spleen 72 hours after transplantation 
Hams and Hams^ show that tran‘-plaoted Ij mphocytes v eiy probably produce 
antibodies as late as the fifth day after transfusion to untreated recipients 
Injection of inorganic P*’ as a control may be criticized because the injected 
cell su-'pension may affect the recipient m such a way that the liberated P® is 
distributed differentlj than when inorgamc P® is injected Such a mechanism 
cannot explain my results, but it is not impossible that they are influenced by 
It A comparison between an mjection of moi^mc P“ and one of nonviable cells 
over a longer exjierimental period than Wcisbergcr’s does not add much, since 
the control experiment with destro>ed cells is far from ideal It is not at all 
certain that destroyed celb affect the recipient m the same way as predominantly 
mtacl and motile cells Control experiments consisting of an uijection of mor- 
ganic P” are very much simpler than those watfa destroyed labeled cells Lnder 
the present conditions it seems most sensible to use injections of morganic P® 
in control experiments, m each case beanng m mind the possibility of an in¬ 
fluence of the suspension on the recipient 

2 Phagocytosis op the Transpuanted LvMrHOCYTES i\ RES 
mentioned above, the activity of rat thymus lymphocytes transplanted to 
the rat was traced to the liver and ‘•pleen The activity of similarly transplanted 
rat lymph node lymphocytes was present m liver and bone marrow, and prob¬ 
ably also in lymph nodes and lung® The activity of rabbit lymphocytes from 
both thymus and lymph nodes tron«planted to rats was traced to the liver® 
These re'oilta cannot be explained by simple phagocytosis of the transplanted 
cells m the RES If phagocytosis of RES cells is responsible for the distribution 
of the transplanted cells in the recipient, the activity of the^e cells «hould m all 
cases be apparent in the RES organs, namely, the liver, bone marrow and 
«pleen It may be argued that the distribution of phagocytic particles among 
the different RES organs depends on the size of the particles Gabneli,® who 
studied the RES by means of Cr**PO«, found that when the injected particles 
were coarse, the lungs absorbed the major part of the colloid, whereas if the dis 
persion was finer, the liver took up more In Gabrieli’s experiments the ‘•pleen 
absorbed equal amounts of the coarse and the fine dispersion Even this knowl 
edge about the RES function c'limot cxpbm the re'Oilts with lymphocytes h 
beled with P“ 4\'hy are heterotran=planted lymphocytes traced only to the 
liver, while syngenesiotran«pIantcd ones are recovered m other RES organs as 
well? "Why can syngenc'-iotran'plantcd lymph node cells be found ui the bone 
marrow but not m the •■pleen, while thymus cells transplanted m the same way 
appear in the ‘•pleen but not in the bone marrow? This difference between syn 
genesiotransplantcd thymus cells and lymph node cells shows that there is more 
to the matter than a simple phagocytosis of the transplanted cells in RES 

3 Specific Rlutiliz-ation bv Lymphocytes of Lviige Fieaghents of 
X tcLEic Acid of Their Progemtors 
In order to expUm the long life span of the ly mphocy tes in expenments based 
on their DNA metalxili-'ra,* '» a »• m Hamilton*® ** advanced a hypothesis 
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^uggestuig a 'pceific rtsutihzatiou bj l}znphoc>ics of Lirfe,c fragments of nucleic 
acid or imcicoprotcms Thia thcon. wa» moqihobgicaU\ tc-(cd l)> Trowell,~ 
who started from the well known fact that manj ‘•mall hmphocjtca arc pluvgo- 
cjlo'^d b> reticular cells ui the reaction centers of Jvmphoid tL-^uc*^ When cul 
tunng Ijmph node cells m titro, he found that ecu', which had phagocMO'cd 
small l3raphocites, were differentiating into large l3mphoc>tcs. Accordmg to 
him this pro\ ide^ a histologic basib for the re utilization h%pothc‘:is 

It Is not m> mlcntion to go mto all the details of tins theoi^ Wliat i^ impor¬ 
tant is to find out whether it proMdes an ctplanatJoii for the results obtained 
from transplantations of h raphocj'tes labeled with P** Vccordmg to the h^ poih 
e«is, the Ijmphocjtes arc phagoc^to-^l bj the UES, and D\ VP* is re*utihrcd 
m that part of this sj-tem where Ijmphocjtcs art formed—m m> cxjKnmcnts 
the l>mph nodes, ihjTuu'i, and ‘■plcen Tim-, it “-hould be posable to trice 
D^.JV^* for a limited period and to m ikc a compan-^Jn with the mjection of 
inorg'imcP*' In thcrem.iunng UESoigan-—tlie liver lung^, and bone marrow— 
D\^V 1 ’“ IS thought not to be rc utilized and cannot lx* recov cred after the ilxn c 
interval In my e.\penmcnts'* “ where the recipient w is cvamined after Zi 
hours, no acluity from the traii'-plantcd lymphocyte^ -hould bo found in tJie 
liver, lung, md bone marrow This is not the case, however for in all my e\ 
pcnmeiUs part of the activity of the tran-planted cells could lx? found m tin, 
luer In ‘•yngencsiotrui'^plantation of lymph node Ij mphoev tC", the laUlcd cells 
were found in the bone nuirrow as well Lveu if wc pre*uppo>c tint the D\A 
of the pingocyto-cd lymphocytes can be rc-utiluctl for the formation of other 
cells, my results cannot lx> esphmed by phagocytoM"* of the traii'-pluiled Jyni 
phocyte<« and rc utilization of tbcir D\ \ Tins zs evident from the fact that m 
syngeiie-iotranspl-intation of lymph node cells and m hcterotranoplaiit ition of 
lymph node and thyTuus cells, no activity of the trarnphntod telb could Ixj 
di'-covered m the spleen, where the phagocyto-is of lymphocytes is lively '* 

4 Tii.tratio\ op the TiUNspMvrro LvwirMocvTw in lavtn vno 'ulus 

In inv estigations coiiccrnmg the dc'tructioii of red cells, J indl et aJ ‘‘ -howcsl 
that the “plceii, liver, and lung function as passive fiheiN irith differently '•ued 
pores Small agglutinates in. caught numlv m the t-plcen, while larger ones re ich 
the hv cr uid lung L.ibclcd cells c.mght m v filter arc not neccss-inly broken 
down ilow well can such v mechanism CNplun the n.-uUs of tran‘'pkiutation of 
labi-icd lynipbocyle>«’ The mtchain m dc^enbed by J-vndl cl al pre'upjX)'Ca ig 
ghitiintion of tht trin'-fusnl cell's Such agglutmiiion dws nut occur to any 
grtit extent in tran plant Uion from nt to r»t and from nbbit to rat * My 
re-oiUs,” ** therefore, can hardly bt ctphined in tla-* w ly Moreover, it is nn 
possible by ‘■uch a niechim.'m to evpLim Ihcrc-ults refxjrtwl Ijclow 

a Fvcroits Stri'CHTiNO thi 'liitj^in Tiivt Tiunni l.v\tj n IvuriJutyTi-s 
I-lNlTJON WjTIJIN Till. IllOHlJI-NT 

None of the ibove mccham-m.'* alone or m comlmution, con ixpLm the 
re'-uhsobtiintxl from trinsplantnlionsof lympliocvtt'* labtlnl wnh i’* Vnothtr 
po>vMblc cxphnition for thc‘<> n-^lts j> pnnidwl bv the Mjpp<^-'jtio» that tht 
trail plantcil ctlN survive iiid funclion m one way or mother nuhm tht recJii- 
icnl Sumo irgumcnt'^mfivorofsuch »livpoihe«i>folkiu UIow 
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A In the experiments i\hcre thymus cells labeled mth P® were transplanted 
from rat to rat and from rabbit to rat,** peritonitis was induced m the recipient 
bj mtrapentoncal injection of liquid paraffin two days before the transplantation 
Twenty four hours after the transplantation, the animals were killed, and the 
distnbution of mdioactn e phosphorus among certam reference oi^ans, as well 
as m the peritoneal exudate cello, was dctcnmncd It appeared tiiat the relatn e 
activity m the exudate cells was higher after hcterotransplantation than after 
syiigenesiotransplantation The relative activity m the exudate ceDs was also 
higher after hcterotransplantation than after injection of morganic phosphorus 
This IS mterpreted as evidence that the heterotransplanted cells form exudate 
cells ui the recipient ** It is surpnsmg to find that it is the heterotrausfused cells 
and not the sjngenesiotransfused oneo that form exudate cells under the pre¬ 
vailing conditions The difference between the behavior of these two kuid» of 
cell could be due to the different immunologic states of the donors This hypoth 
esis IS discussed m more detail elsewhere** and is supported by the following 
argument m f ivor of the functioning of transplanted cells withm the recipient 

B ThjTnus and IjTnph node cells labeled with P“ were transplanted from 
rabbit to rat ** In one senes, both donor and recipient were immunized with B 
tijpkosa H antigen, and in another senes, onl> the recipient and not the donor 
was immunized A companson of the distribution of radioactivity among vanous 
organs 24 hours after transplantation revealed a clear difference between the 
two senes Immunization of the donor somehow affects the lymphocytes, so 
that they are dealt vnth differently by the recipient '* The experiment proves 
111 an indirect way that the transplanted lymphocytes are concerned with the 
formation of antibodies, and strongly supports the hvpothesis that the trans¬ 
planted cells function m the recipient 

C Most histologists agree that there are no significant differences between 
lymphocytes m the thymus and those m the lymph nodes * * ® Lncerlamty, 
however, has arisen as to whether thymocytes can indeed be lymphocytes, smee 
the thymus sometimes reacts differently than lymphatic tissues > « « « Lym 
phocytes of both types labeled with radioactive pbo«phorus were injected m- 
travenously from rat to rat “There wasadistmct difference in behavlor between 
the two types of cell, the thymus cells being traced to the hver and spleen and 
the lymph node cells to the hver and bone marrow The most plausible explana¬ 
tion for this difference is that the trin'=plantcd cells fulfill mme function in the 
recipient 

SUMU.XRX 

The old question concerning the disappearance of the lymphocytes from the 
blood has been investigated by many workers with the aid of trin'^plantation of 
ly mphocytes from one animal to another The suitability of this method to the 
problem is discussed on the basis of experiments vvath radioactively labeled 
lymphocy'tes Tlie following conclusions ire reached 

1 Not all transfused lymphocytes are dissolved in the recipient during the 
experimental penod under discussion, one to three days 

2 The results of transfusion of labeled lymphocy'tes cannot be explained by 
a simple phagocy tosis of the transfused cells m RES 
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3 The respults cannot Ijc oxplamed bv '■pecific rc-utilijuilion by mphoci tes 
of hrge fragments of miclcic ucid 

4 A simple filter function of the organs m winch transfu-^^d Ijmphocjtcs art 
recov ercd does, not satisfactorily exphm the re-'u5t« 

5 Instead, the re6ults obtained support thchjpotht v> that tnmJu-ed hm 
pliocjtes cm function tn the recipient 
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On DNA Labeling in the Slutly of the D)uamich 
of Bone Marrow Cell Populaliotia 

By L G L.WTILV 

TT IS GE\EItiVLL\ ACCEPTED that in mo t growing tisnucs DN V la 
fct ible, that i&, net ‘-jiitiiEbis maj occur, but no -jgmficjut tunjo\er Cons> 
quentlj, in a population of cells «Uh complcv diinmiw, such as (lie mamm 
cells, labcbng of DNA ind following the fate of thes Uliel proiiuscd a method for 
the i>tud> of the proce^tos m\oI\cd A great deal of work has been done on these 
lines, the two n ijs in which the fate of the lalicl w o> followed being ‘■pecific 
radio ictiMti of a compound (DNA or its components isolated) or direct mvtsii 
gitioiis of cells with high resolution autoradiognph> 

Recentli the metabolic stability of DN —the ba«jc ‘is^umption of evpen 
meivts with DNA labeling—has been i|Ucs(ioncd b> Pcle‘ While he dot- not 
claim general laliditj of Ins obsen itions, thei are of -nflicient import nice to 
warrant mic-tigations of specific tissues However for the argununts to be 
pre-euted, it is a&sumcd tint m bone marrow ctUs DNA is “tabic, and the pur 
pose of this paper is to point out certain diiTicultics tb it render the inUrpnt i 
tioii of results even with stable DN V labeluig ‘omewlnt uiiecrt un 

PlTPVLtS OP SPtCIFlC lUoiOVCTlNm 

In uiy cell population, 100 per cent of the cells synthesizing at a gnin rate, 
or Jo percent at 4 times that nte would give identical -jitcific activities IJc'idc 
actual rote differences DNA is -vnlhcMzcd only during part of the mlcrphasc 
(S period), and at anj time a varjuig proiwrtion of cells nuv l)c m thiir S 
period * Furthermore bout nnrrow is a very heterogeneous ixipuLitKin of cells, 
apart from the mam eryiUroid ind mytioid Mines of cells then, arc different 
&t igtij of maturation witlun each “ones—indeed, peeific activity iJetennmalions 
can giv c only v-ety meager information 

The Mluition is Himcwhal diffvrcnt wluii -o-caUed pure cell lines can Iw v-o* 
hted, Mich as ly mphoc) tes from the thoracic duct or ncuiropInU from the i>tnpii 
oral blood The rate of ippcannce of the I ibol in the ptnphery rmi) rcllcci ihe 
rale of production of nuturc cell forms (assuming that mo-t of these do not 
^yntheMzc DW) and the nte of dwppeanuice of the label m the periphery 
nny indicate the lift ipm of the cells mve tigated, provided that there is no 
‘ngjiificint rculiliz itiou of the label U appcir-, however, that there is i -igruf- 
JC.U 1 I rcutilization of DN \ breakdown products m the liody In i hum.m 
idult there iro alwut 10'’ ctlb produetd daJy In tirnw of punne content 
per cell this mo ms a duly uHhz.it ion of about JSCm of punne li.L'c-v.TJjo daily 
urir acid excretion is of (lit order of 0 a Gm, the datary int iko nlxiut 0 J»Gm 
—indicating a limited imounl of punne nw^ynthe^H (*•,<> to ‘3 of the daily 
re<iuiremcnl) ind an ciricienl rcutih zatJoni>fabout of the daily iiurlii c acid 
i- torn the lUJiohioloi^ ( aboratorj, I>^parta«‘at ©I llaJiutl wapy, Churrhill li »«ai, 
Osfont, 1 ngl&iitl 
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Fio 1 —Dasophilic nonsoblo^t from buman m&rron cutlured «itb 0 1 mc /ml medium 
U* tb)'m\dine /mM) Steioed aulot&dio^aph X 3000 

breakdown ith dilTerent (issues having diiterent cell turnover (be mterpreta 
tion of specific activity life «pau curves becomes very uncertain—except for 
the fastest grovniig tissue, if it is knou-n which tissue this is 
On theoretical con'-ideration, the reutihiation of D\ k phosphorus maj be 
less than that of punnes because of the large bod> phosphate pools but it 
should be noted that (a) (he same pools have compartments vnth dilTerent 
turnover times (b) the i«olation of pure DNA pho phorus is difficult (c) P“ 
has a relati\el> short half life, thus necessitating larger do'cs of P” than of C’* 
adenmc and (d) ev en moderate amounts of P*^ may deliv er an appreciable do'C 
of total bod> radiation possibly mterfenng with rates of proliferation 

It appears from the aiguracuts cited above that radiochemical measurement 
of DN \ specific Tctivities is of no use aith bone marrow cells when attempting 
to follow cellular dynamics, and of verj limited use even with relatively pure 
lines of cells 


\UTOKADIOGILVPIiy 

^\lth the introduction of tritium labeled thymiduic a highly efficient specific 
DN \ label became av ailable Tnlium gives superb autoradiographs (fig 1) and 
even m clo«cly packed cells (sections) there is no doubt as to which cell contains 
the label The amount of label per labeled cell (gram counl/+ve cell) indicates 
the relative amount of D\ V «ynthe izcd provided that the intracelluhr pre 
cursor pools are the same,* and provided that all cells have the same thickness 

* Invtvocxpenme&lsin ibfteresV &auaata oi CTca vn the aame animal at diffeTe&t time« 
also Deed to take the extracellular poeda into conaidcratioo 
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(tlie i^mge range of ^ particles from H* being onh about 1^) Houcter, ue 
pois'C'^ no iiiformatiou on the uitraccllular precursor pools in diiTercnt w JIs nor 
'i good idea of the tbickne-^ of imclei of difTerent cells, cot)'0<iuentlj the grim 
counts o\er individual cells must bt uiteiprcted vuth coti^'idtriblc ciution 
1 hi3 difficulty can lie o\ creome !>j u^ng C“ labeled compounds to check gram 
count dilTcrences Tirstlj, the range of C‘* electrons is much greater ("*"U)a) 
than cell thickness \ariitions on smcirs ({ to Ca), ind s;cofidl>, (he lower 
specific ictiMlj of C‘^ compounds nccc<vititcs the idmimslrition of largtr 
amounts of labeled material, thus decre ismg the influence of intracellular jwoU 
In our Uboratorj, all thjmidme IP gram count ^uttem^ are cheeked with 
formate, which, m \itro, is nearJj as ‘.pocific a D\ k label asi-, tlnmidme * 

The proportion of labeled cells (%+\e celU) in i population nn> indicate 
the relative length of the DN V. svnthetic period to that of the total cel! ocic 
If the length of tbt S penod would bt (ht same for all cells m the Ixxii then 
the %+ie figure would give i good mdicUionof (hecell cjcle (i c , growth rate) 
of different tissues—provided the length of the S pcnwl has Ix-en mca ured (fig 
2a) However if the length of the S penod vanc' or cells do not '•nithc'izc 
their full coniplcracnt of D\ V Mirious miscalculations nin> rf-uU (fig 2h) ks 
in most tissues vi far iin cstigaled, the length of the S penod ‘cems to lx. of the 
order of o to 10 hours the *“e+ve figure* done ma> give a rou^h indication of 
the grow'th rate of (he cells in question However, it is cssontnl to cstabli h tint 
thu cell population ui quc-tion is homogeneous For etample, m j popuhiion of 
Ijmphocitcs {Ituinan or nr normal or Icuktmic), the 'c+vefigure at inj time 
Is about 3 to 3 per cent Ihc length of the S period being alioul the «ame as for 
other cells tins figure of 2 to J^+vc would uxlicale ivco JongtTlJ cvcJe uideeti 
for the Ijraphocjte, if S » I0hn^ and %+vc “ ipcrccnt then cjcle time « 
i5(K) hrs On closjr investigation however, it w is noted thit the Ivmphocjte 
ixipulation Id f ir from being homogeneous, o\ cr DO per rent of the i ells ire '•mall 
Ijraphocjtes (O'^+ve) and u'U'ilIv 5 to 10 per cent of the celN are medium 
and Large Ijraphocjtcs (^OT+vo) In other word', the large Ijmphocvlcs have 
a cell ejek similar to joung Ix>He marrow cell- (mjclocjtc-, normoblasts ejek 
time 20 to dO hrs), while (he -mall Ijmphocj-tcs do not vj^tht-izc D2v k \ d- 
urallj, changes of the over all ‘o+vc figure over v Ijmphocjte population are 
meaningless, unlc'w the proportion of Lirgt Ijmphocvto- is knowm 
Lven m a morphologicallj homugeneou* population of ttll- -uch a* bli-t ctlls 
from leukemia, it is c-scntul to dUcrmuie vvhether the *c-f vc figure obtained 
after an instantaneous lalx-ling rcprcH-nts »fuiiclionallj homo},inum popuLitjou 
of cells, c g, 10 per cent dividable cells with a -liort cell cjcle or 100 per rent 
divid ible cells with a long cell cvdo For such dctcrounalions either a continuous 
infu-ion of the lalx?! or a proloiigcti in vitro contact, prcfcrablj 10 to 20 hours, 
with the laliel is rtxiuircd to H>e if the figure mrreaM^s with time, wluihir 

the mere ise follows i-traight hncand whelhcrrt ever n ichcs near 100 i)criciit 
It -hould lx noted that m a nuaed populalion of voung and differentiating ctlU, 
this determination can onij refer to ilic >oung cells mice m ituralwu of carlj 
Idieled eelk to bte forms during the expcrtmrntal jx-nod mav crtalt a foL-c 
picture of uicrca-e m the proportion of libeled litc forms 
TlicadvanUge* of lutoradiogroplij are Ih vt complos cell ixijjulattou dvuanncs 
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Fig 2B 


Figs 2\ and B —Cell c>cle measurements and growth rate Id a homogeneous poputa 
tiOD with coiutant D^ A synthetic period (S) ibe^+^e figure indicates the length of c^cle 
Hoacter if & is not constant the same ^4->e figure maj beobtamedeten though thectrle 
times differ bt a factor of 2 or more In such cases the gram counts oter labeled cells ma> 
indicate the rate of sjnthesis assuming (a) even cell thickness (b) cimiiar intracellular 
precur or pools (c) similar amount of DN \ synthesized 

For accurate measurements the followinghave to be determined 

(1) ‘c+ve figure (relative length of S to Gi + Gj) 

(2) Its rate of increase aiih time up to 90 to 100 per cent (homogeneit} in terms of 
capaeitj for DN 4 «vnthe is) 

(3) time of continuous labeling needed to reach maximum gram counts (length ol o 
period) 


(-1) grain count distribution over labeled cells). . . r i j 

(o) DNA con.»l p^r rdl ,» term, ot plo.d. 


can l>e followed, and rcutilization of D\ \ component's are not a real problem 
becaU'C of an adetiuate dilutron of the released label Ho\\c\er it has been 
'ajggc ted that m Ij-mpJiatic tusmes bodily ” reutilization of nuclei may occur * 

In this case, of cours?, the label would not be diluted much and mi-leading in 
formation as to life span of the cells would be obtained 

\nother complicating factor m the interpretation of autoradiographic findings 
IS t)jc migration and morphologic tranafonnation of cells In bone marrow or 
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Fiq 3V 


Fjo 3B 



>j(/ 3C FjaSD 


Fjrs 3\-Ct — iUticulor tran-formaUon of |>cnp]ifR>} b]oud cpJls ui ntro JUa.t /rlU 
fromicuUmia j ovinn mononuclear «ll» eail> iwoitivtlocMe* >ouiii;]>Ia. ma rrll< ai llarK« 
Ijtiiphoc) les arc ati capable of untiergutOK profound tnurpliulugie traucforuufiun in vitru 
3ie}j((ig ‘ reticnlar ceils whicli titen i*ur>nc«n<i proliferate for •<;%crtl »ccL» eien un Jer 
athcr«e culture eomiitions The final spjiearauce of the c reticular cell* uiJJ ilrj>cn 1 on 
tlio milieu thc3 arc kept in reticulum rell form lo ^UI‘|>en8lun macru] iiagc form uhen lu 
gcsting particles, and fibroblast form uhen adlieang Co gla^s surface The latter again vil| 
take up reticulum coll form ulicn tr}p»nucd off tie giM surface and au<{>cn ic 1 in li (iid 
medium 

k Blast Celt« peripheral blooil—<1 hour* B Infectioua montmucleoMx pcnplural 11 x*! 
C TritiMtional forms after HS to 73hours rulturc D Macroj hapein loOhoursmlturr 

blood cell cultures, a terj profound morphologic tnn fomuttoii mu l>c olr* 
Krtcd iftcr 5 to 10 dajT tneubttion the ch 104,0 of rarli c< 11 pci info riljcu 
lar ’ forms TliecclUiiu> -LNumc the ipptoiutici of rtticulumcclLsnucn/phagi--, 
or fibrobU-ti, dipetidtng oil the mode of culture, and oaii grow noa or h-v-. m* 
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Fio 3G 

E Ret cuium cells nloOhours F Reticular t>}nc>t um n IsO ho rs culture 
G F hrobla^t forms in loO hours culture 

defimtdj (fig 3} It has been uggeoled that such trail formation may occur in 
\ i\ o ’ tnd until its extent is estabh hcd ui any particular experiment it represents 
a potential source of error in uitcrpretatiou 
E\ eu more compbeated are the problems presented b> differentiation Meta 
bolic functions appear to proceed at a faster rate m j oung cell forms than in 
the mature forms Table I ind cates the difference m rate of DNA «j-nthesis 
between joung and mature cell \s gram count differences between different 
cells labeled with tritium might ha\e been the result of differences m cell th ck 
ness the experiments were repeated with formate C * The rate of DN k ^^Tithesis 
111 the late forms per cell is about half of that in the 3 oung forms Similar findings 
arc obtained with RNA label labeled ammo acids with Fe‘* in the crjthroid 
senea ^ and with S” both m \iiro and m \i\o ui the mjeloid series ‘ When the 
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TtBLE 1 — /?afe o/D\ i and W \ V Synthtsit in JteJation lo Degree of DtJJertr Italian 
in Bemt Varrov Cell* 

(3 hours mcvibation in vitro gr^a /iahcloii c-c)l) 
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PoUckr 

Croffi) ck>c)l« 

iUthejU 

’ jMiniK>ba*i 1 

Thjmidinc H* (DN \) 

“4 

aO 

GO 

3' 

J-omale C ‘ (DNA) 

1 3* 

16 

3a 

15 

\dcmne C* (Il\ \) 

, “ 

19 

aO 

2b 


\ ole The same principle is valid in respect to u( take of Isl cled ammo acids he»» or 
&“ «ulfale 


proportion of cdla in DNA la investigated i turn] ir diJTtrtnce i- uoled 

between early and 5ate cell forms eg bC^+vo early ba«op)iiJje normobU"-!*' 
iJ3%+\e polychromatic normoblast-' or t)0‘v+ve promvclotvte—UO^+ve mv 
elocytes. In cycle times tins would mean basrphilic iiomiobla'*t ~ & = 12 

hrs %-h =00%-cycle time 18 bra pohtbromalio »ormoblav(-S » 

’JOhra « 30%-cycle time bbbr-' However the'Jinplic-lb it the (wly 

chromatic normobld.ts sjntbe ue the full 2ii amount of DN V which nuv or 
may not be <o, and also mipIic-> tliat tbc polychromatic iiormobhsts are t homo- 
geueous population, which they arecertauity not Even the mo^t coii'CiciitKfUj 
definition of polychromatic nomwblaits include-* cclN at dtfTcrtiU of 

maturatnm U sten from hgure 4 a proportion of cells which will Iw called 
middle polychromatic normoblasts will nevcf'ynthc'ize D\ \ Coii-«iUcntly 
the cj cle time as dtriv cd from the %•+■ figure m these colls is unduly long 1 hw 
situation IS further complicated by the fact that an apprccuiblt jvortion of e irly 
cell forms (e g, basoplidic normoblasts) can mature into reticulocytes without 
micrvcnmg cell division'® (fig 4) tliusintroducmg i duturbmginfiucncoouany 
gram count distribution or figure over the later cell form*- 
Interestingly enough the leukemic blast tcIU aiiliough prt umed to be the 
youngest ’ fonns, show i slower rate of DN \ '•\nthc«i>. and longer cell cycle 
than normal myclocylM or nonnobh'-ls (tabic 2) nieur UN \ or jirolcui '•vn 
thesis is al** slower than ilut lu royclocvtcs and nomiobla Is, and is somcwhtn, 
fietween iIio-k; cells and the very sbgblly active lymphocylLs (tabh 3) Ilie pau 
city of normal blast cells m normal marrows makes '.taiislical comp-iriions lie 
tween normal and leukemic blast cells difficult but it should lx. noted ih ii no 
difference of this kind is found between oUur identical cell ty |)es (c g my tl cy les 
or lymphocytes), whether normal or Jeuktniic 

Another ‘ource of error lies m the uiaccurao of narrow diffcmitul counting 
Tbo-< experienced in marrow cytology are only too well aware of the not iic„hgi 
ble proportion of cells Lil>eled is unci isw ificd Tim more iccuralely i nc vtumpts 
toclasaify marrow cells the higher is the proportion of Ihinc celN Oiuvitoradio* 
graphsthostmimgofthccellsi*never isgcvod isonaplam mcar, uiocui-iond 
heavy labchng adds lo the difficulty by oljfcuroig important cytoh gic detail* 
Tbi* brings i pirticularly important error into DN V latxrling, met- the Lilxl 
w ill be t iken up by sowe cells of ev cry stnir* (t K , cry throid, my tl<nd, ly mpli nd) 
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Fig 4—Relation of cell maturation to DNA sjnthesia and dmston in the er>throid 
cells of human bone marron A pronormoblast nilh dul} diploid amount of DNA 2n) is 
not easily separated on morphologic grounds from an early basophilic normoblast Hov 
eier after it has completed the period of DN % synthesis and has reached the 4n comple 
meat of DN \ it u easily identihoble After division (cell c>cle 18 hours) tiro morpho 
logically identical daughter cells (2 d prooormo early basonoriso) are formed One of them 
retains the capacity for both division and differentiation and subsequently produces 4 re 
ticulocytes The other retains only the capacity for differentiation (but no div)<ion) or 
dm ion (but nod fferentiation) In the former case it mil pve nse toone reticulocvtenitb 
out inters ening division in the latter to a pronormoblast Evidence suggests that the ratio 
of occurrence of the former to the latter is of tbe order of 1 10 

The differences m tbe length of cell ejeleand rate of DNA synthesis or amount of DN \ 
synthesized as illustrated explain tbe autoradiographic findings of ^+ve and gram count 
figures in different cells The different life ^pan ratios pve a number ratio of pronormo 
blasts basophilic normoblasts polychromatic normoblasts as 05 3 16 Whether the non 
dnidmg maturing early cell types and tbe late polychromatic normoblasts contain diploid 
tetraploid or octoploid amounts of DN \ needs to be > enfied by direct measurements It 
should be noted that the above is a statistical mode! thus not excluding any particulor 
pronormoblast to produce (a) too pronormoblosts (b) too dividing basophils or (c) two 
nondmding basophils 

Unle^'S occurafe differential counts can be made, and unless the proportion of 
unclassified cells is very small one cannot perform meanmgful %+te or gram 
count distnbution measurements A great deal of this error i\ ould be a\ oided by 
u«iiig a ‘‘Cnes ‘•pecific label that i& taken up by 100 per cent of the cells of that 
'«ne« e g Fe*’ ui the early erjthroid cells and S“ sulphate in the early mjeloid 
cells A particularly good example IS the work, of Alpen* with Fe” which will be 
discussed in a later paper 

Certam di‘<i(l\antages of the tntium label have been discussed m an earlier 
paper»It will be sufficient to repeat here that the radiation effect from tritium 
localized m the nucleus may not be negligible in certam experiments In attempt¬ 
ing to follow a cell through 3 to 4 di\ isions the ongmal label w hich after 4 di\ 1 
«ious still gives about 20 grams over a cell after 50 days exposure time may 
oa«ily deliver radiation to the nucleus at the rate of 1 rad/hour \lthough 1 
rad/liour is already a not negligible dos? of radiation, the situation with intra 
nuclear II* is further complicated bj the geometry A suigle average H* 0 par 
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Tabil 2 ~]ndication4 0 / tie CeH Cycle Length m DijJ’frcnlt ilarrotc Ceil* 


Mytlocylci 

Blatt cfll* 
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small 1} mphs 
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\o/c bimtlar zesults are ol tamed nrcspecUxe of tie Ittiel <fortiJatfl C ' adcmtic C‘*, 
Ui^midiQc H* or 1'**) 


Tcble 3 — imtno 4f»< L ptake by Bone Marrow LtUt (5 hr* in iilro) 
grains/+\c ccil corrected for «(tec act and cxi>u lire 
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\oU NormobUit* 20to2a percent hjehcrthaomtrlocjtc* m normal Biarron# rncfcalo 
Maats 30 to3o |>er cent hjgl ef Ouo mjeloc)ics 10 1*\aarro*‘ jJ-aDjoc>lc» (noraul or 
Tn^e^enns!) same as l>mpW>Vc* 

No diiTerence is found l>eitteen mjclocjtc* from normal aa ojipo cJ to chronic mjcloej tic 
leukemia or l}rophoc>t«8 from normal as opposed to drome Ijrnpliocjiic leukemia ja 
t tents 

tide ttiU divjpatc moat of tt* cticrgj m a tolunte of 1 a duniilcr, aotl Ute do'C 
\ntliin this aoluiTtc would coiro pond lo aboul 1*0 rads It nmj dtptiid on 
chance whether an ev<nlial ••tructtirc h is liocu iLitn iged or not 

COXCLISION 

Vllhougli some of the dtxidi intagc^ of II* llijnnduJe as DN V Libd could be 
at oidcd by lumg the morecxpcnsive C>‘ thjmiduie the ci idtnct presided al«ne 
indicates that DN V labeling may not be the lit-t metbml for follow ing popul i 

tioa dynamics in diffcrcntLituig''>'“tcin!>-u<h as the Uiite nmrrtiw It i' tttl 

that although autoridiognph> (1 c, work at the cellular Ici tl) l-* the c Hiilml 
tool, the UUI should lx. cIio«en iccording to the 'istem m\csti,^tL-d hor the 
tr>ihroid s<,nes Ic**, and for ihtnucIuidcclNS^'sufplutL nu> lx; prcfircntuf, 
lta\mg the lymphoid s>s{tm |s iJje iium litld i f U\ N lalrcliiig 

In I liomogtnwus {wpijlatn n < f cells with gvtuncinc growth the prt p>>rti n 

ofctlls it in\ tunesjntheizwigDN V(uvumnigllLUallcth>sintht'^ui l•JlnJDr 

nauunt it a timiUr rite) gtie-an tndicitKMt «/f tlteejcli. kngib, 11 , gmuth rate 
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of the cells In such cases an instantaneous labeling of DNA (e g, mth H* 
thjTnidine) and the «conng of the percentage of labeled cells (%+Ae) gnes m* 
formation that is perhaps more meaningful than the mere morphologic appear 
ance of the cells For example, if the clinical course and re->poiisi\ eness to differ¬ 
ent courts of treatment of human acute leukemias is correlated A\ith such %+\e 
data, the mformation so obtained has a \aluable functional basis and a better 
validity than comparisons based On unccrtaui morphologic nomenclature The 
real value of such mve«tigations is m cases where, instead of assumptions, the 
rates and amount of 'j'nthesis are measured by gram countmg and follow mg the 
rate of mcrease m time of the %+ve figure 
This is the tjpe of growth rate determination where DAA labeling is most 
useful For the more complex analysis of cell population dynamics in differential 
uig tissue, its use w ill be limited b> the dilHculties presented 
Finally, m view of the doubts raised m respect to stabilitj' of DAA, it is sug 
gested that particular attentiou be given to the problem m work with DXA. 
labelmg of the erylhroul «enes of cells These cells have the unusual ability to 
lose their nuclei m the course of iheir maturation, and it is still not settled whether 
this is achieved by Lar 5 ol>«w or extrusion, or both The question of D\A sta- 
biUty TfouM be xeij open,<iea}mguUh cells capab}e of losing theirnuckarma' 
tenal 
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LtUKOCVTE PaODtCnON \M> SsV It\ IN ISJ 

Discussion, of LeuKoc>tc Production and 
Survi>al Dsing 0‘ and P*^ 


G E CvimnuGUT It la unpoasible to 
'peak of liie It/e 'pun of a Icukocj to uolcsa 
one fir&t defines Ijfe ^pau, and Uien uhIj 
latis winch Ieukoc>tc he is talking about 
The hfo of the Rninutoc> te maj be tlmdcd 
mU» scicnil (iistmct pliaecs Thc&c arc (1) 
mitotiC division m tlie bone marrow, (2) 
maturation in Uic bone inurrmv (3) '-tonge 
m the bone marrow, (4) euxubUon m the 
blood, (5) presumahlj a jKnod m the tis 
sues, and lasth, as Dr Ogood lias iJoinUtl 
out, a penod of diing One must define to 
wluch of liicsr segments he rifcrs This is 
extremeb difficult for as was previouslv 
(KimUxl out, the pnmitiv e proliferative pool 
mjj lie labeled with certain isotopes and 
one thio has to difine wliat he means b> 
' pruniliv c prohfcrativ e ikwI If one takes 
a verj broad look at tins wc then go back 
to what Dr 0 good Uis \cr\ aptlv called 
the immortal ctlJ, the one tliat on 
from ladundual to individual 

Much of the confusion m the Icukocvte 
literature denies from the fact that tlierc 
is rarcli a clear definition of the tvpo of 
Icukoevtc studied For example I have not 
not heard amonc mention the puntv of 
their grettulocv tc or Ivmphcn v te fractioiia 
Wliat has been rloiic la nio't cases w to 


illon and CartwnUd tliot if there is ran 
<lo 0 t los?, tills w(uatnm docs not appb It 
» aUo true lliat if then iv an oicrhp be¬ 
tween the jxriiA) of pnxluction and dcrtnic 
tion it cannot be ukM It is quite clear 
lliat there is such an overlap m the cns. of 
white alls 

K h FichteMC-t 1 think Dr Kline 
when sjKakmg of hmpijocjlt life span 
meant tbn-c dilTcnnt (lungs tin. time spint 
ui the blood the a^e of the cells in the 
blood and finall} tin life']un No one has 
calculated this last It must lx tlie tune 
from the List liuuion until the di-ath of tiio 
cell \ou can get a njugh estimate of (he 
average life -pan of the bmphoevUs 
through calfulatmi, the number of Ivmpho- 
cvle- m dll whulc bod\ and the number 
formed cadi di> I liascnt Htn sudi a 
caleuhttoa until now 

I should like to make a httlo projiaginda 
for a nidhcxl of isolation cjf Ivniphocvtea 
b\ which \ou can kit lOOixsrccntnftlicm 
\ gliM tuJx is fillei! witli onlinan cotton 
woo) aod hepannued UcmxI is pouitvi into 
It and inculiatisl m a wet duiigcr at 37 C 
for one hilf hour Tiicn the i-ottun is can. 
fuHv ttadicd with *4huc u.ing u water 
vuclum pump The Ivinphix-vUsaa washed 
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tration of there is an initial high peak plateau portion of the cur\e and assume 
m the blood winch falls, in Icaa than an that labehng is instantaneous ^^e feel that 
hour, to a low but in our opinion \ 013 «ig this cannot be done with our present knowl 
mhcantleiel Mo-t workers, in calculating edge of DNA P“ incorporation Following 
life span from DXA P“ incorporation, ig a angle dose of P**, w e don’t know whether 
nore either the entirerlcaraneecurveorthe the significant labehng occurs oier a leiy 



lA 


Discc-msIOV Fig 1 —Pbotomicrographs at same magnification with Giemaa etaiD of 
culture Jni,Cliui taken at 190 hours Ik and IB were from cultures identical in every 
respect, except that IB had one microcune of tntiated thj-midine with a specific ac 
tint} of 360 me pet rmnimole, while lA bad none The cell counts per mm * done at fre 
quent intervals were identical until after 72 hours, but at 100 hours, when lhe«c photo¬ 
graphs were taken, the control, Ik, showed 12a0 cells per mm •, and the tntiated 
th}miiline 325 per mm * 
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short ponwl ol tsmo or isiontmuousmera 
longer pcnotl 

Ko one lias mentioned the puntv of tlicir 
DNA or UNA ‘^jaration mctliods. Moot 
people use the Sclurndt-Tannliautcr 
mcthofl, which we Ime found \cr 3 unreli¬ 
able Wth the onginal method, we lu\c 
noted a great deal of lontammation with 
RNA, about 25 jw cent, dcj>eiiding on Uic 
material wc worked with Da\ulson et al* 
ha\e reported smular conUminatioQ prob¬ 
lems 

I noticed that one of the workers ga\c 


<0010 of the jxitHnLs as much as 2 5 me of 
P® t Uimk c\cn 0 3 me or k-vs must pro¬ 
duce some damage to the ci lls and niaj cf 
feet life Ejun calculations To a.-^ume that 
Uua patient b m a steailj state after get¬ 
ting 2 5 nu ma% not \>e cornx t 

A final {Wint about the meaning of Icu- 
kocvle life ‘•pail" iur%cs. using DXA-l^ 
iDcorporatiou lnstud)^nga nuinbtrof ixi- 
ticnts with mMloprolikratnc sNudromc*® 
utfcctions. etc uc found that the rite of 
apficaiance of the iclls roa> %arv In -ome 
disease;, such as acute kukenua, there will 
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be an Oktrcmelj rapid rate of appearance 
of labeled cells m penpheral blood as com 
pared to the normal Howe\cr the rates of 
disappearance m the^ ^anous conditions 
are approximatelj the same \\e feel that 
the curveof acti\it> obtamed from penph 
eral blood is not nece'*anlj a measure of 
the length of tune that the bbeled cells 
sta^ iQ the penpheral blood It maj oalj 
be a reflection of the tumo\er time in the 
bone maiToa Dr Craddock has elaborated 
on this m bis paper 

F P Cronkitx In Otte«ens studj-* 
onij 200 lic of P” was gI^en Dr Robert 
SOD has looked at the do^ and thi* is 
tremelj small I do not think that one can 
suggest anj radiation effect m his work. 

S Perbt I wasn t refemng to Dr Ot 
te^n but to Dr Klines paper where at 
lea^t one of the patients recei\ ed 2 o me 

L S KxliY It seema to me tliat the 
•pecific acti^itj time curves which Dr 
ffanulton finds m leukesuc fv'mphocj'tes 
could be due to cell diw on with long in 
tennitotiQ tune* rather than to reutihza 
tion of D\ \ 

E P Crovkite That was a question 
that I was going to a.k Dr ILur^ton I 
think the «lope of hia curve could reflect 
the generation tune of the mckt prumtne 
cell that feeds mto that hue 

K E FtcuTELic R<>egotti* labeled the 
IjTiiphixrvtes in nvo with Fe** a cjtopbs 
tme label and be got the same result as 
Ottc^cn who labeled DN4 Therefore if 
DN \ IS reutilued the whole cell must be 
rcutilized 

L D H.VMU.TOV To an«wcr Dr Perrv 
a 2a per cent contamination of D\ K with 
\ IS rati er high and mu t be due to 
some un?iati«facton procedure Of course 
isolation of DNA itself bj detergent pio- 
cedun*s is a more clean cut teebme, proi id 
iDg precautions are taken to remove RW 
b\ treatment with RNase In our proce¬ 
dure mvolvmg hvdrolv'is of RN \ to nu 
cleotides and of the DNA to free bases we 
estimate a ma-xunum RK \ contamination 
of a percent 

I have looked into the po!s.ibihtv that 
tbe small percentage of granulocvtes in pa 
ticnts with chrome IvTophatic leukemia 
might influence the shape of the rsdioac 
tmt} curves On the assumption that the 
RK\ and DNA ralioactmtv turnover 
curves of granuloodes are identical Ihavc 


subtracted that proportion of RK \ actlv^ty 
that might be associated with granulocj'tea 
from the DN\ radioactmtj curves of 
lymphoc^'tes but vve «ti]l get two major 
components and an uutial rapid decline fot 
lowed b> a «Iow declmc 

I quite agree with Dr Fichtehus that if 
there is reutihzation one wonders whether 
tbe whole l>TnpIioc>'te is reutilized I have 
emphasixed this point prevuou«lj m rela- 
tion to our RKA and D\ k turnover stud 
les^ and Rc<*egotti8 results wnth Fe‘* un 
derscore this pomt * 

Despite Dr Kellv s exhortations over 
the past few >ear8 I have been \er> un 
wiUmg to accept her proposal as an alterna¬ 
tive mterpretation of our data ehiefl> be¬ 
cause her idea was that a smalt Iv mphoc}'te 
somehow orother went back into the bmipb 
node and then divided again 

L. a Kelly ^ es The major proportion 
of tbe cells that vou measured could divide 
again 

L D H.VM1LTON I don t thmk there is 
too much evidence that small bmphocjies 
divide ev en chrome leukemic Ijinphocv tes 
I seem to remember that Dr O'good has 
oiiI> seen one small leukemic IjTnphocj'tc m 

dlVIMOD 

It i2> difficult to answer the question 
raided b> Dr Cronkite namelv that the 
«low «lopc of the hmphocjte curve could 
reflect the generation tmie of the most 
primitive cell that feeds mto that Ime Our 
failure to find an> alteration m the radio 
activity curveswhen vve perturbed the total 
Ivmphocvte mass with steroids or nitrogen 
mustard a long tune after giving the ini 
tiol bbei IS not inconsistent with this pos- 
‘^ibihtv although our failure to find greater 
activity m the lymph nodes than in tl c 
blood a long time after givmg the label 
would argue against tbe pre^nce m lymph 
nodes of a ejDecific pnnutiv e cell tliat feeds 
into the line e don t know e are faced 
with the problem of a relatively rapid ap¬ 
pearance of label m the D\ k of lympho- 
evtes and then a very long retention of la 
bel Obviously this must reflect two quite 
distinct processes 

E L OsGOOD There is a great advan 
tage in mamtauung a uniform isotope con 
centration In the type of study that Dr 
Hamilton sho ved you canmamtam a eon 
«taDtpla.[nalevcl of F“ and determine over 
long periods of time the lymphoev tic DN \ 
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decay rate Dc»emngof partitiilarcniplia- 
Sto 18 the study of long term cultun*8 with 
tntiatcd thyirndme * • The cells settle oa 
the slide, can be newed tn situ and jou 
can count from utl! dutnbuted areas the 
ab-olute number pir hub* so tliat >our 
\alues are m ab«oiutc terms and\our cells 
arc seen cxactlj where thc\ are gKjinng 
The thjTHiduie is not broken (loan to tn 
tiateil denvatuea by these human hemic 
colls as it 13 m the bodv b\ In or cell* «o \t 
IS atailable for inc(tr|iontioQ throu^iout 
the expenment 

Discussion figure I illuAtrates the fact 
tliat there can be «uch a thing as too much 
thjmidmc The counts for controls and cul 
tuns exposed to thimidinc were identical 
up to 72 hours, but at 100 hour* \ou can 
see at 1 glance ixtcnsue radiation effects 

The ly niphoci tcs grow in chains w thc5)e 
cultures Inchainsofhniphocylesfullurcd 
from the blood of a patient with ihromc 
hmphocj'tic leukemia, the md cell has the 
)ca«t label, tlic next all more and tht fir^t 
coll the most* Tlio last nautioncd is the 
alplia cell, w Inch can di\ idc again TIus cell 
div ided, produced the terminal cell of the 
iluin, diiwUxi a^m and proiluml the next 
t'cll, etc You wouidn t get ••urh a cluin 
from an alplu 2-alp!n di%X'iou but mlher a 
brauching arrangement 

K L Ficiiteuls I wouhi hketosay to 
Dr Gowana that there are other probhnis 
111 the world tlian the hmphocvte tinula 
lion Wien I startixl thc'C Irantfusion ex 
penraents 1 wanted to find out whether 
then, was a diffin.nci. Utwivn thjmus 
Ijmphocytca ami limph noeje l>mpht>«yte~ 
BMrx ok] problem, asxou know fhaxedt 
xclopixi a h\pothe»i3 that then is an into 
gration between thjinus x«d cpltxn lo 
antilxs]} formition Transfuseil I*** U 
Ixled IhjTOic Ijmphocxli-s an. tccoxcred 
jxnfolhcularlx m the -plecn it the same 
•»itt as plasma cells are found duniig anti 
Ixxty formation’* 

1 P CnoNKtTE hi con-idi nng rcuUli 
zution, and m facts)! of the t'Otopie '•ludns 
one should bear in mind that there i*, some 
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«ort of a prmiitnc progenitor jiool, either a 
cominoD i>ool or a -epanitt one for each cell 
line Once this i» labeled, it is lalx-lcd for 
the rest of the life of tin. tndixidual Tlve 
DN 4 label cannot be lo-t It can onl) )>e 
diluted b> ^ucccss^nc dnwons 4nv inter 
pretation of the tail of a eurxc such as pri 
Knteil bv Dr Haiiulton muft take into ac¬ 
count the continued fmling of labeled cells 
into tins jxiol from Uic progemtor cells Tlic 
slope of the curxc would n.fli'ct in part the 
generation time of that ct^l It does not 
preclude reutihaation Tliere mai }>e other 
factor* but tins ccrtainix is one 
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Cell Turno\er in Blood and Blood-Forming Tissues 
Studied with Trilialed Thymidine 

By V P Bo^D, T AI Fuedner, E P Cronkite, J R Rubim 
\\D J S Robertson 

^RITI\TED TH\MIDI\E (IPTh) has twen Uscd extensuely in the study 
of proliferating cell sj stems, particularly the hematopoietic sj stem, and per¬ 
tinent literature has been cited previous!} * * >® The material is mcorporated 
selectuelj into DNA, and lo-* of label appareiitl> occurs onl^ through cell 
death or by dilution through •'uccessn e cell div isions In patients with apparently 
normal heniatopoie«i>, labeling occurs wilhm minutes m the marrow * * Within 
dajs the labeled granuloc 3 tes and mononuclear celLs (predominautlj large) ap¬ 
pear m the peripheral blood In \atro studies on blood and bone marrow of nor 
mal induiduals and of individuals with hematopoietic djsfimctions have been 
reported * * The pre«ient commuujcalion is concerned mth in v ivo «tudjes on an 
mdiv idual with appareut^ normal heroalopoicsis, and deals with the quantitatn e 
kinetics of the erythrocj tic precursor sene», studies w iVh H*Tb labelmg and the 
appearance and disappearance of labeled 'egmenlccl neutrophils in the peripheral 
blood 

■\I\TLRULS \\D METnons 

II*Th with a specific activiij of 1 2 c /mM was used, 1 9 me of HTTi was in 
jeeted intrav enouvl^ for the bone marrow studies and 0 0 me for the studies on 
penpheral blood There was a multicomponent plasma clearance with virtually 
completeclcanncemonehour ‘ kutoradiogramswerecxposedforaumformpenod 
u«ing British «tnpping film and counterstaming with Wnght’s or Giemsa Red 
ceil precursors were divided into five classes the two earliest identifiable stages 
were designated Bi and Bj the more mature elements were termed ba'ophilic, 
polj chromatic, and orthochromatic normobla-ts Cntcna were morphologic ex 
cept in doubtful ui«tances where the measurement of nuclear diameter also was 
emploj ed 

Previous mveMigators" ** ** have divided the red cell precursor eenes 
into five group- the average volume of the-e cells decreasing bj a factor of ap- 
proviflLsfelj 2 mth increa-^mg matunfj The noefear diameters as ta the 
-tamed -mear are approNmiately 13, 10 o 8 23, 6 5, and 5 25 microns re«pec 
tiveb 

Re&LLTs 

Ratio o/ erjthroid ull precursors Of a total of 2430 nucleated red cell precursors 
counted bj a «mg]e individual (pooled data from -everal samples of bone mar 
row), 67 were Bj cells, 140 vrere Bj cells, 413 were basophihc normoblasts 549 
were polj chromatic normobh t<=, and 1281 were orthochromatic normoblasts. 
Tbe-c are approiimalel> m the ratio of 1 2 4 8 16, obvaou-b raau> more cells 
and -everal mdmduals would have to be counted to cstabbsh these ratios vntb 
certaintj 

From the Brookharen Natiooal 1 aboratorj, Lpton, L I N V 
ISS 
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Table 1 —Labthd Erythrocylte Premrtw Cell* <u a Funciian of Ttne a/ler H*Tk Injcchon 
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Labeled crtjlhroid cells The number of each cell tjix; counted and the numlx.r 
labeled .ire shown m table I The per cent of labeled colls is diown gnpIuc.iU> 
as a function of tune in hgurc 1 for the basophilic, pobchroinatir, and ortho* 
cliromatic nomtobUsts (Bi and Bj cell*> were not plotted 1x.tiu*o of the ^rnall 
numbera of cells m\ol\ed) The percentage «>f lilicicd cells mcremjd from time 
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Pji, j —Per rini labeled eetU in itie ftattophtlic, p<d>(:liinnutir, and orilojcLrufuaitc 
nortnoblazl grouj** m a tunctioa uf time after lf*TU wjeeuan 
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Fio 2 —Per cent labeled <egmenle<l neutrophils lo the penpbersl blood as a (unction of 
time after lI’Tb injection All cells «ith an} grains «ere counted ns labeled, and the meas 
ured background was subtracted 



Fig 3 —Per cent labeled segmented neutrophils in the peripheral blood as a (unction 
of tune after U*Th injection The di0erent curses were determined bj eonsidenng as la 
beled onij those cells having a number of grains above the arbitrary ^ slues stated for each 
cune in the figure. 
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lOI 

0 to IK hours ju all DNA sjntbe«izing ccUa The percenLige begin to fill at 
10 to 12 hour^i, and gradually approached zero at daj 5 labeled orthochromalic 
ceils began to appear at 3 houR«, and graduaU> rose to a pi itcau at about 12 
houre. 

Gram counts m ail of the erythroid cell tenes except the orthochromalic nor¬ 
moblast reached a maxmium at IM hour*, before dilution b} dnision lud oc¬ 
curred At thus time (here was a distmct diffcroacc m the number of grams over 
the different cell types, appro\imalcl> 75 to 100 over the Bi ceil, 40 to GO over 
the Bi cell, 15 to 40 over the basophihc normoblast, and 8 to 20 over the poli- 
chronutic normobla'^t (means of approximately 80,50, 25, and 12, rcspcctiv el^) 
At this tune there was relativ elj little spread in gram count. B> 6 8, or 10 houri, 
^ui counts were loner, and most data were consistent with two populations 
of iabeied cells, one with a smaller gram count than the other B> 24 hours the 
gram count of all cell t} pes except the onhochromat jc nonnobloAt liad dccrea.KiJ, 
and there vvas a contmuod reduction tn luten'-ity of label with time \t 5 divs, 
when there were few labeled celh, the grim counts were uniformly veij small 



4io 4 —Graphic pra-eatalloa ol Etam cwuaU ot oialute Mutrophi!* sa * fanttioa of 
Uaic alter H*Tb lojcclioa. 
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Table 2 —Grain Count of Segmented \eutrophil Granuloeylee 



The maximurn and mean gram counts of the first generation of ortbochromatic 
normoblasts were equal 3pproxiinalcI> to tho'^ of the mitiall> labeled poly¬ 
chromatic normoblasts 

Penpheral segmented neutrophils The data «bowii in figure* 2 and 3 reprcNent 
approximately -100 cells counted per point Some labeled cell* were «eeB a* early 
as the third day, boweier, appreciable numbers were not seen until day 4 \ 
“teep n.»e occurred between days 4 and 5 \ marked decrease in the percentage 
of labeled cells occurred between the eitd^th and ninth days, followed b\ *> ‘blower 
rate of decline A comparison of figures 2 and 3 uidicate* that the shape of the 
cun e LS not ‘enMtu e to the manner of definmg a labeled cell The cun e for the 
percentage of labeled band neutrophils paralleled exactly that of the segmented 
forms,* but occurred approximately one day earber 

The distribution of gram counts oxer the «egmented neutrophil* is shown 
graphically in figure 4, and the mean gram counts m table 2 It is clear that 
different populations of labeled cell* were present at different tune inters ak The 
possible significance of this will be con«^idered in the di*cus»ion below 

Dlsctssion 

Before discussing the results, an o\cr«uuplified model of cell proliferation will 
be presented to indicate what might occur and would be expected as a function 
of time after H*Tb adminifttratioD, if the axailability tune I* short (fig 5) There 
are fix e type* of dixidmg precur^ir cell*, xxfeicb ‘hould label within muitites tiS 
H*Th mjection, and nondividmg cells that do not label initially (maturation 
only) The latter cells would not be expected to be labeled until dixision of pre 
cursor cell* M ithm mmutes or hour* of H*Th injection, before dix ision of labeled 
cells has occurred, the percentage of labcimg of each ty pe of precursor cell should 
equal approxunately the DNA synthesis time/generation time for that cell type 
In the model (fig 5), the hatched box reprc'^nts DX \ synthc«is tune, the entire 
box reprc'cnts generatiou time The axcnigegrain counts are represented in the 
upper left comer of the hatched box, the rclatixe number of cells lu each com 
partment are found m the loxxer right (the relative numbers of cell* indicated 
would be correct only if all dinsionh beyond the pnmitixe progenitor (ppp) ctfi 
ate doubling du-i-ions, and if the generatiou tunes in all compartments ate equal) 
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1 to 4i'•-Simple model of liemstopoicdccell proliferation indicatiostlkc cour>-eof ocnts 
at succeeding generation times foIlow-iRg anknwKritttou of il'Th t'cc CcMt) Numlicrs <u 
upper left of boxes iiidicaie cxikcned grain counu if initial average grain count m 2U1 ouni 
tier to lower right indicates relative numWr of cclU m earb rompartuent 

It is iscen that tvith mcrciMng turn ‘■boivii m units of gencnilion time m the 
model, hbcied cells wdl divide md ^ppcar tu general us two I ibclcd cclU m the 
nevt more mature compartment Tlic ppp cell on dittsion, however will retain 
one labeled cell is a ppp cell, and onlj one will mature to form a 13} cell \\ ilh 
succcbbive diviMons the gram counts on the utra^i wii) cuniumc tolinKt 
Mo'll important to v U'Ujlue from the model is that once hbekd, ill of the prt* 
cursor cells and their nucleated progcn> in theory irc lalxled inddimlel) , thus 
m theory the Ubelcd cells cinnot bo lost' Lnlc>s one can coticouc of i pnmi 
ti\c prccui>or cell that &>nlhcMzc3 D\ V md divides, but docs not uicorporitc 
II*'rh durmg DNA sjutlicM** then the entire |,cncrali\c tomparlincnt uid all 
nntuntion compartment'^ with nucleated tells derived from diviMon of Lalithd 
precursors must continue to ^x^ IibcJcd mdefiijifeij \ comp-irtmenl cmi ica-c 
to l>e tenned hlicled onlj if (1) on division the grim counts f ill Ix-lon the tr- 
bilrary limit ut which cell'- irc tcnneil labeled, or (2) there ts i hIccIivc Io-* of 
lUvclcd ccll3, 10,1 •'elective effect of the IPHi or its radution on the Llicled 
cells. The percentage of lalx lid cells will ch uige onl> if one of the vlwv l mi ch i 
jiLnis is clTtctive, or jf the initiil percentige of Iilnlcd coll-* of an tirher rum 
partment were ditTcrciit fnim that of thccomp-irtmint undir con idemtion 
Vs expected fnim the alxivc con-«ler»tio!i- all cothroid prccuivoni, tveept 
the orthochrom itic normobl ists tnairpontcd IIH h w ilhin nunufi'-* of injc-ciK ii 
of the malcrul, mdiciling (hit then; cell-* ictivclj vjfithc^ixc D\ V and pre- 
sum ibly c in and do div idc Mxiut aO percent of the i)ol 3 chmnutic nonnublasts 
75 per cent of the ba-opbihc nonnohU-ts end the Bj cclb*, md perhips even i 
higher percentage of the B| cell- labeled inilull} It w obviou-. is ct itcd nbovi. 
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that the percentage of labeled cells is mextncably bound to the gram count and 
to a dehnition of uhat is termed a labeled cell Hie lower the average gram count 
ov er cells, the fewer cells that will be scored as labeled Some arbitrary number 
of grams must be selected, depending on background and other factors, below 
which a cell is considered not to be labeled An examination of the gram count 
data mdicated that this consideration does not materially affect the results, ev en 
though the more mature forms have a lower average gram count The only ap¬ 
parent explanation is that the earher forms have a long DXA synthesis time 
with respect to generation tune 

The gram counts observed before cell division had occurred over the several 
erythroid precursor cells were not equal, and the average gram counts were 
roughly m the proportion of SO 50 25 12, as one goes from the Bi cell to the 
poljchromatic normoblast This must be due either to a slower over all rate of 
mcorporation of H*Th m the more mature forms, or to equal rates of mcorpora 
tioii and differmg gram counts resultmg from geometncil considerations It has 
been reported that more mature bone marrow precursor cells have fewer chro 
mosomes than do lesa mature forms, however, this relativelj small difference 
probably would not account for the different grain counts The nuclear diameters 
of the precursor cells as ‘'een m the «tained slides decrease as one goes from the 
earliest to the mo t mature precursor forms Consideration of nuclear size has 
led «ev eral authors to conclude that the nuclear v olume decreases by successiv e 
factors of 2 as the cell matures, assummg the volumes vary between the square 
and cube of the diameter observed m the stained «mear, the volumes would ap¬ 
proximately hah c It IS difficult to estimate the degree of effect that this chang 
mg geometr 3 might have, and one cannot sav immedialel> if, for the same 
amount of IBTh contained per cell the smaller nucleus should jaeld a higher or 
equal grain count * 

A reasonable explanation for the decreasing gram count with increasmg ma 
tuntj IS as follows If we consider cells of different diameter, and, thus, surface 
area and volume su pended in a solution of H*Th, and assume either an active 
or passiv e transfer of H’Th from the solution to the nucleus, then it is apparent 
that the amount of H*Th available to the nucleus for D>« \ sjaithesis should 
vary with the surface area, or perhaps with the volume of the cell In any event, 
the 'mailer cell «houId have considerably less H*Th, and therefore a ‘■mailer 
gram count In pnnciple one should be able to check tbe«e considerations by 
comparing the gram count of a cell with that of its progeny one generation lime 
later 4\Tiere this is possible (Bi \s B* cells, B* cells vs basophilic nonnobla«t, 
basophilic V s poly chromatic normobla«t), the numbers of cells are too ‘•mall for 
good 'tatistics How e\ er, the results arc consistent with a halv mg of gram count', 
thus mdicating different H’Th content among the initially labelmg cell', and 
minmiizmg a geometric factor m the autoradiogram as being responsible for the 
difference in initial gram counts The only point at which the data obviously 
deviate is m the comparison of gram counts over the mitially labeled polychro¬ 
matic normoblasts and the first generation of labeled orthochromatic normo 
blasts. Here the maximum and average gram counts appear to be identical, and 

* In tissue culture, n itb much larger cells, the smaller cell j lelds the higher gram count ' 
Honever, these results cannot be applied directly to the present situation 
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the expbnatioH Vs not jppircnt The unporLuicc of the^c con ideration-j nt aii\ 
treatment of gmzn count data taobvtous 
Information on the gencmtion tunc of ‘«mc of the red cell precurvirs can be 
deduced from the percentage of labeled cells a* i function of time (fig 1) Ji i* 
'^en that the orthochroinatic normoblasts begin to label it ib<mt lime hour>, 
which would represent the munmum po t'syntlicsi?, rc-t period and the mitotic 
tm^e of the polj chromatic normoblast Tlic percentage of lalielcd cells continues 
to mcrease until a plateau is reached, equal rou^ilj to the initial percentage of 
bbclcd poljchroniatic normoblasts 1 he 0 hour penod of mcrcasc cpproxinutts 
the raiinmum 4 ^^nlhcsts time of the poliehrom itic nonnoblaat No informs 
tioii can 1» deduced on the postmitotic rest period from present data, honeier 
an assumption of 1 to b hours would gne i minimum generition tune for the 
po/i/c/iromabc normoblast of the order of 15 to 18 hours Ihis number is con- 
sustent with that derued for red cell precursors from the nurrow mitotic index * 
A more exact estunatt of turnover lime for the orlhochromattc normoblast can 
l>e deduced from compartment theorj From figure 1, it is {lostiblc to obtain the 
slope of the cunc lietwecn { and 12 hours, which indicates the rate of mcreise 
lit the rclatnc numlicr of lalicicd orthochmmatic norniobli<ts m the compirt* 
ment rhistalucisS 1 pcrccnt/bour Yssuminga stead> smteand what amounts 
to i pipelint,” then all cells cnlcniig the compartment during this interval irt 
hbcled and represent the rite of flow of all cells mlo the compartment flip tuni 
over time of the orthochromiticnormobbst then is equal to 100/51 19 hours 

If ill cclU entering the urthochromatic pool arc not Ubelid at the time the siojie 
t» greatest, un! ibclcd cells ire tlst entering Then the rate of tnenost derived 
from the lalielcd cells rcpro'cnts a mtnimum rate of cell ento mio the pool, and 
thus the turnover time dented represents an upptr limit hr this v due 
No mfornution cm be derived directly from the dita on the generation time 
of precursor colla c.vrhcr th lu the poljcbronutic normohUst Considcnblc uddi* 
tional information could lie deduced from kmctic llieorj if the relative mimlRrs 
of cells m each comp irtmont md the precoo shape of the curv cs of percentage of 
lalwled cells m all comparttmnts vs time were knowai with cert untj However, 
con«ideribh more data than pre*<‘iitl> arcavailablt ire rcrjuired to obt nn me m 
ingful results from th]> t) pc of inaljscj, 

An import ml cunsideratiuii involve^ the apparent rate of n>e in the ijorventage 
of talicical cells m tlic sev cral compartments over the first 10 hours, md the final 
percentage achieved If au>thmgapproachmga piiKlme*' is mauit unevi and the 
gcncntion times arc re istmalilj similar, it would lx? cxjxjcted that in one genen- 
tioii lime e ich c«jnipartnicnl would h ivc (he same percentage i f Jalx-ltd ctlb- n 
H>cn in the prev lous crmiparimeut within the first hours of JI*T}i adinini. tralion 
Since the earlier conujariments show i higlier percent ige of lalxled cell* ini 
tuallj, thcn>e diould lx? susiimcd forapenoeiof stviral general ions until loss of 
label b) dilution, or uide>9 an umdcutified evrtv precursor eH.!! lias a rclativelj 
low percentage of Ltlwled cells. It is qucsttonable from the data, however, th it 
Ui) er;jthropfJietic precursor, with ihccxaption of the orthochronuiir m»rm<>- 
bLiJst, reached ui one generation tan© the percentage i>j itiviij of its pnfujsor 
Tlic nscs K*eu arc not sustained IjcjoimI one generation tinu at mo i Vpjurcnt 
los^ of label bv dilution tliroujdv divuoou cannot lx. invoked to explain (hix (ari> 
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losa ui percentage of labeled cells V possible effect of the H*Th on these early 
labeled cells must be considered although other explanations for the iindinga 
are possible 

In all initially labeling crythroid precursir cells there appeared to be an m 
crease m the number of labeled cells from 30 mmutes to 1 or 1^2 hours If true 
this would mdicate either that the tbymidme is available longer than the few 
minutes previou&lj proposed (slow marrow circulation?) that reutiUzation of 
thjmidme occurs or that some etorage of H*Th or of mtennediate sjTithe«is 
products occurs before DNA ^mthesis («tored material would be washed out 
during processmg of the «lides) 

Independently of the manner m which the percentage of labeled “segmented 
granulocj'tes in the peripheral blood are plotted (figs 2 and 3) the basic shape of 
the curve remains the same The upward slope of the curve is equivalent to a 
43 per cent n^c per day Thus at least this amount of cells must be entering the 
peripheral blood per daj and m the s(ead> state must be lea\ mg the blood each 
day If all cells enteruig dunng this tune are labeled which would be true if a 
pipelme approximated the situation then the average life time of a mature 
granulocyte (turnover tune average sojourn tune) m the peripheral blood would 
be 100/43 — 2 3 dajs iQ the ♦steady state If unlabeled ceils are also enteru g the 
blood dunng the steep n<e m the cunc the value of 2 3 da>s demed would be 
greater than the true value for the turnover tunc Thus the value of 2 3 repre 
«cnt« an upper hmit for the average turnover tunc of the mature neutrophils m 
the blood The actual value could be much leas than this value the method of 
analysis indicates that it cannot be more Note that this figure mdicatcs the 
average time pent m the peripheral blood (turnover time average sojourn time) 
It IS not neccssanl> equal to a mean life «pau for the individual leukoc>te If 
there is an cxtravascular pool of leukocytes as has been postulated and granu 
Iccj-tes do not return to the blood • then of course segmented neutrophils could 
mov e mto this pool and the mean life span of the indiv idual leukoc> te w ould be 
longer than mdicatcd by the figure given 

tMiile the upward slope of the curve for labeled segmented neutropliils m the 
peripheral blood is amenable to interpretation the downward slope(s) offers 
con'iiderable difficult} This w 11 be discussed after further consideration of the 
simplified model (fig o) and of gram counts which bear heavil} on the interpre¬ 
tation 

From the model it is seen that labeled mature cells should appear in the 
peripheral blood after passing throu^ ractamjelocyte and bai d forms They 
would remam labeled for the duration of their «taj in the peripheral blood The 
percentage of labeled cells m the blood should build up to roughl} that of pre¬ 
cursor cells and “diould theoretically remam at the level of the earlie«t precursor 
Label should be no longer visible only when diluted sufficiently by precursor 
div ision U ith regard to gram count if the percentage labelmg of all precursor 
cells IS equal then one might expect to see waves of labeled neutrophils each 
with apparently ^2 the gram count of the previous lot With the determined 
pcnpheral blood life time of approximately two days or les. equivalent roughly 
to the generation time of the diviihng precursor celL one would expect to «ce 
ovenvhclmingly one gram count population dunng a generation time of the pre 
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curbor cell'' pcrtiirbeil to j relati%el> nunor decree b> preceding or '•uccoiHluig 
wi\ts. Tfio dnidiJig mjeJoid precursor cells liosvcvtr, do not Iu\c the siiiie 
4%erage gram count Tlic miclocitc hw lulf or Itss of the grim count of tbe 
promjeloc^tc (adequate data are not available on tlie mjelobJi't) Thus, » 
hah mg of the gmm count after one gcncntioQ uould not lx. cxjKXted On tv- 
imtning the dita (tig 4), it xs '>ecn tliat the gruti counts on d k>s 3 and G uiita 
the percentage of hbcled ccUb is building up to i nvixunum are coii'-utcnl with 
a smgle gram count population nie gram count iiopulationa on daj s 7 iiid 8 
apj>e.ir to bt dilTcrent from tbo'^ on di>s5aiid b, asare tbcpopu! itionson da>b 
9 ind 10 The mcrcabcd attrage gnm count on daj» 7 and S over th it on dija 
5 and 0 c in be cvplamcd if the 1 itc^t div iding precurvir cell ba^ li i]f, and pmb i 
bh lc&3 than half, the gram counta of the next l irlic‘>t icll (which on two divi 
£ion& has the same or greater counts th m the last div iduig precursor aftt r one 
div ihion) No uifomntioii on the exiKctcd gram count of I vtcr w u cs can bo Uc 
duced, Mnce mori. than the last two prccurMir cells have not Ixcn •*luditxl 
It lb of considerable importance to consider griui counts in conjunction with 
the percentage label curve (hgs. i and I) at the time the curve is falling off 
rapidly (da^s 8, 9 and 10) V reduction in the percculast. of labeled cells cm 
result onl> from dilution through precursordiviMon, from m unknown preturnir 
with a lower percentage of lalielod cells, or from •elective loas of labeled cells 
\\ith regard to the first p<}‘wibihtj, it is sxii thit on da> S, onl> a von «aiia!l 
percentage, of the tot il cells h uc gram counts of (he ordt r of 1, 2, or I Tlitu, 
iiah mg of the grim counts from a precursor with the simc or greater gram count 
llnii the e.irl> precursor for the ncutruphiU of d u 9 would not 'ucount for lu 
opprccuiblc !o-»s of cells—ccrlaml> not tin. 3 j per evnt ol)*cr\ ed k procur-or 
cell with lesb percentage laiicl is posbiblc d ita on this ixnnt art not avail tide 
Seketne removal of telK, {lofhaps from a Il’Tli ndi itjon effect isdi-eus-xd Ijc 
low 'Iho till' of thccurvocaii !xs iccountcd foradequitclj bj 1 on» ofhlxkd 
cella b> succc^ivc div {‘^lun of precurbur etlK md gram count dilution 

No information has been deduced from the preM-nt d ita rcg-irdmg the presence 
or ibszncc of an extravascuhr neutrophil pool, however, data can lx; denved 
regardmg the pON-ihihty of rcctrailafion of tcgnientcil neutrophiU llic grim 
counts of the segmented neutrophils vs a function of tuut ire thown m figure 4 
tnti! di\ 8, K-gmented forma with high gram counts vre seen, on di> 9 and 
later, the high gram count forma arc absent Tlic d ita indicate lliat, if there is 
normillj an oxtruascular life span and recirculation, the cxtriv a»<ruhr life 
p.in of till sgmented neutrophil must lx. Ie>s than 21 hours, 

\Uil)tion >1 deductions c.iii ix; made from the gram count d ita ila fict that 
the he IV i]> libeled cells 'Cen on J i> b ire not found on d i> mdicatis l!i it the 

V line for turnover lime of the gra»u]ui>tc iskvi th ui the upix-rlunit of 2 t(h>'V 
deduced from the a'CLiiding hnibof the curve of {xrcttit ige of ItlxlLsl ttll' Hie 

V due I-* 24 hours or lev- Mon. freciUtiit samplmg ^hould allow out, to < bt im a 
lx.Hi r c*tmiatcof turnover tune from the gmui oimit dit i In ibwrv, the -O* jx 
of the gridu d f ill-off UI nu in gniiti count iftcriLi} 8 huuld ^itl 1 uif<inu.iii ui 
on the generation tunc < f the (artiest m^dciid ixTcur'sir ct 11 In pnictict how 
ever, (UK c mnot follow the mean gram ciunt, sum. one t f courv, cann >t-cr ft 
liclow I grun count Hie time spent in the pcnphind bl j«kI cakuLit«l for tl c 
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loss in percentage of labeled cells A possible effect of the H*Th on the'« earlj 
labeled cells must be considered, allhou^ other e\phnations for the findings 
are possible 

In all mitiallj labeling erjthroid precursor ceU>., there appeared to be an m 
crease in the number of labeled cells from 30 mmutcs to 1 or hours If true, 
this nould mdicate either that the thj'inidme i» available longer than the few 
mmutes pre\iously proposed (slon marrow circulation?), that rcutihzation of 
thymidine occurs, or that some storage of H*Th or of mtermediate S 3 'nthe'is 
products occurs before D\A ^mthcsis (stored material uould be washed out 
during processmg of the slides) 

Independently of the manner m which the percentage of labeled segmented 
graiiulocj tes m the ponpheml blood are plotted (figs 2 and 3) the basic shape of 
the cune remains the same The upward slope of the cur%e is equivalent to a 
43 per cent nse per day Thus, at least this amount of cells must be eutermg the 
peripheral blood per day, and m the steady state must be leav mg the blood each 
day If nil cells entermg durmg this lime are labeled, which would be true if a 
“pipeline ’ approximated the situation, then the a\ erage life time of a mature 
granulocyte (turnover time, average sojourn tune) m the penpheral blood would 
be 100/43 = 23 days m the steady state If unlabeled cells arc also entermg the 
blood during the steep nse in the curve, the value of 2 3 days denved would be 
greater than the true value for the turnover tune Thus the value of 3 3 repre 
sents an upper hmit for the nv erage tumov er time of the mature neutrophils m 
the blood The actual value could be much Ies» than this value, the method of 
analysis indicates that it cannot be more Note that tbia figure indicates the 
av erage tune spent m the penpheral blood (turnov cr time, av erage sojourn time) 
It la not necesaarily equal to a mean life span for the uidividual leukocyte If 
there is an extnvaacular pool of leukocytes, oa has been poatulatcd, and granu 
locy tea do not return to the blood,* then, of course, segmented neutrophils could 
move mto this pool, and the mean life «pan of the individual leukocyte would be 
longer than mdicated by the figure given 

\\Tnle the upward dope of the curve for labeled segmented neutrophils m the 
penpheral blood is amenable to interpretation, the downward slope(s) offers 
considerable difficulty This will be discussed after further consideration of the 
sunplified model (fig o), and of grain counts which bear heav ily oa the interpre 
tat ion 

From the model it is seen that labeled mature cella should appear m the 
penpheral blood after pasamg through raetaniyelocy'te and band forms They 
would remain labeled for the duration of their stay m the peripheral blood The 
pcrccnlagc of labeled cells m the blood diould build up to roughly that of pre 
cursor cells, and should theoretically remam at the lev el of the earliest precursor 
Label should be no longer visible only when diluted sufBcicntly by precursor 
div i«ion ith regard to gram count, if the percentage labelmg of all precursor 
cells 13 equal, then one might expect to sec waves of labeled neutrophil', each 
with apparently *2 the grain count of the previous lot \\ith the determmed 
penpheral blood life time of approximatelv two day s or less, equiv alent roughly 
to the generation time of the dividmg precursor cell', one would expect to «ee 
overwhelmingly one gram count population during a generation time of the pre 
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cursor celh, perturbed to t relatively minor degree by preceding or succeeduig 
WMves The duiding myeloid precuKor cells, however, do not have the i>anie 
average grain count The myelocyte ba& half or less of the gram count of the 
promyelocyte (adequate data are not available on the myeloblast) Thus, a 
halvmg of the gram count after one geaeratirai would not be expected On ex* 
amining the data (fig -4), it is seen that the gram counts on days 5 and 0, when 
the percentage of labeled cells is buddmg up to a maximum, are consistent «ith 
a single gram count population The count populations on days 7 and 8 
appear to be different from those on days 5 and G, as are the populations on day s 
9 and 10 The mereased average grain count on days 7 and 8 o\ er that on days 
5 and 6 can be explained if the latest dividing precursor cell has half, and proba 
bly less than half, the gram counts of the next earliest cell (which on two dtvi* 
sions has the same oi puater counts than the lost dividmg precursor after one 
division) No information on the expected gram count of later waves can be de 
duced, since more th in the last two precursor ceils have not been studied 
It IS of considerable importance to consider gram counts m coujunction with 
the percentage label cune (figs 2 and 3) at the tune the curve is fallmg off 
rapidly (days 8, 9, aud 10) A reduction m the percentage of labeled cells can 
result only from dilution through precursor division, from an unknown precur&or 
with a lower percentage of labeled cells, or from selective loss of labeled cells 
With regard to the first possibility, it is Neen thvt on day 8, only a very small 
percentage of the total cells have gram counts of the order of 1, 2, or 3 Thu«<, 
halving of the gram couuts from a precursor with the vame or greater gram count 
than the early precursor for the neutrophils of day 9 would not account for an 
appreciable loss of cells—certainly not the 35 per cent observed A precursor 
cell With less percentage label is possible, data on this pomt are not available 
Selective removal of cells, perhaps from a H*Th radiation effect, is discussed lie 
low The tad" of the curve can be accounted for adequately by ‘ loss of labeled 
cells by successive division of precursor cells and gram count dilution 
No information has been deduced from the present data regarding the presence 
or absence of an extravascuhr neutrophil pool, however, data can be derived 
regarding the possibility of rccircidatton of segmented neutrophils The gram 
counts of the segmented ueutropfuU as a function of time are diowii m figure -1 
Until day 8, segmented forms with high gram counts ire seen, on day 9 and 
later, tiie high gram count forms are absent The data indicate that, if theieis 
normally an extravascular life «pjn and recircuiation, the extrava>-cular life 
span of the segmented neutrophil must be leas than 24 hours 
Additional deductions can be made from the giain count data The fact that 
the htavily labeled cells seen on day 8 are not found on day 9, mdicates that the 
value for tumov er time of the granulocyte is lesj than the upper limit of 2 i days 
deduced from the ascending hmb of tlie curve of percentage of labeled cells The 
value IS 24 hours or kss More frwiucut samplmg should allow one to olitaiii v 
better estimate of tuniov er time from the gram count data In theory, the slope 
of the gradual fall-olf m me in gram count after day 8 should yield mfoniiation 
on the generation time of the earliest myeJoid percursor cell In practice, how¬ 
ever, one cannot follow the mean gram count, sjnee one, of course, caiuiot K;ore 
below 1 gram count The time “pent in the peripheral blood cilculattd for the 
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band neutrophil «as the &ame as that for the eegmeiited neutrophil, and the 
additional considerations applied to the ‘egmented neutrophil apply m general 
to the band neutrophil as well 

Some of the data presented abo\ e are consistent mth a selectne loss of labeled 
cells from some of the precursor pools There la ample grounds from iron balance 
studies” and from obsencd phagoc^dosis of prccursior cells to suspect that such 
a loss occurs normaUj * Rigas** has incorporated such loss mto his model Hoi\ 
e\ or, if conditions are ph> siologic, nnlabeled cells as ^ cU as labeled cells should be 
removed Thus, such a normal remoxal mechanism would not axplam all of the 
present findings, and one must consider the posoibilit^ that radiation from the 
maj have perturbed the systems studied It must be recognized that 
erythroid precursors are among the mos.t rodiosensitix e cells ItTiiIe it is simple to 
calculate an average dooe from the uijecled H’Th (the dose is neghgibly small) 
such a calculated average value is meaninglcas, because the material is taken up 
selectix ely m the nucleus and tritium has a short range One must therefore relj 
on actual, observed effects kn estimate of the laolope dose level at which effects 
nu^t be expected can be denvcd as follows from tissue culture studies the 
mmmium dose at which an effect can be detected is 0 02 ^c/gm of H’Th of 
specific actu ity of 1 c /mM, m the medium for 24 hours • The criterion of effect 
was delated or inhibited cell division The material was available throughout 
the D\A sj-ntheais period, or for about 4 hours It is difficult to estimate an 
average or effective” a\ailabihl> time m the m viio studies in man, however 
10 minutes or ^ hour is reasonable Thus, some effects might be expected with 
high specific activ ity material at approximately 24 X 0X)2, or approximatelj 
0^ itc /Gm It IS at this dose lev el that it is possible to just detect an effect of 
ih>midmc on the eatremely sensitive spermatogonia of mice'* The dose used 
in the patient studied was approximately H nc/Gm of lower specific activity, 
equivalent in effect, prcsucnabl>, to about pc /Gm of high specific activ it> 
material Therefore, no detectable effects would be expected In these studies 
there has been no evidence of abnormal mitoais, and no evidence of a change in 
the total leukocjte blood count following H*Th administration The question of 
possible radiation effects is of considerable importance to all studies m which 
DN A. labeling is emplo>cd, and additional investigations to settle the point are 
needed urgentl> 

In the present studies the assumplion of a pipeline condition has been made, 
at least to the extent that all cells in one gcnerativ e or maturativ e compartment 
are in the next compartment, xnlhui one generation tmie Ev idence for this is 
that all cells initiall> labeled in the polychromatic pool con be accounted for as 
double their number m the orthochromatic compartment one generation later 
Some evidence for this is also seen from the segmented neutrophils in the pe 
ripheral blood, where the grain count population appears to change at one- to 
tw o-day interv als or less. 

SCUUARI 

Data are presented on the time course of labeling of erj thropoietic precursor 
cells and of peripheral segmented neutrophils follow mg the intravenous mjcction 
of tntiated thjTDidme into a patient vnth apparently normal hematopoiesis. 
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Four distinguishable erytliroid precursors, including the polychromatic normo¬ 
blast, label directly, the orthochromatic normoblast labels only by dn ision of a 
precursor cell By five days, e‘=sentially all label has disappeared from the pre¬ 
cursors, presumably by appareut loss of label through ccU div uaon A considera¬ 
tion of the rate of nse m the per cent of labeled orthochromatic normoblasts in¬ 
dicates that the turnover tune for this cell type rau»t be roughly 19 hours or 
less The tune cun e for the percentage of bbeled segmeuted neutrophils in tho 
peripheral blood is analy zed From the rate of appearance of the cells the av emge 
tumov er tune of the mature neutrophil m the blood stream must be 2 3 day s or 
fess A similar v*alue holds for the band ueutrophtls ^Vnalysis of gram count data 
indicate that the average turnover time of the mature neutropluls m the periph¬ 
eral blood probably is 24 hours or less E\ idence is presented that suggest'-, but 
does not prov e, that radiation from the intranuclear tritium may biv e perturbed 
the earher precursor cells m the systems studied, further investigations to settle 
this question are needed 
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Kinetics of Neulropbil Balance 

By Hauvei AI Patt and Marv A ^Ialonet 

'jl;TAN\ CELL SISTEMS undergo contmual renewal with a balance between 
L'-i- production and decaj *Bone mairoir constitutes “^ch a sjatem.and itativ- 
tical approximations of tiie oterall balance haic been made, utilizing general 
principles of steady state cell populations’ * The relationships applying to 
djiiamic cell s^tteras have been discussed recentl> ui-airae detail b> Quastlerand 
Sherman 

lu this communication, data are prc'^titcd pcrtaiiiiiig to the kinetics of neutro¬ 
phil balance as revealed m studies of eight ooimal tieaglcdogs The investigation 
IS based on radioautographic analysts of marruvs and blood after admini^trition 
of tntium labeled thymidine, which has the advantages of brief availabihtj, 
D^^A «;pecificitj, and high resolution * Experimental procedures were described 
previously * The present results confirm and amph/i our carher obsitvatioiis* * 
w ith regard to neutrophil production and maturation lu niarron, and disap 
pearmce from blood 

The tntium label appears first ui cells capable of nuto'-is The percentage of 
m>elobIasts and proni>eloc>'tes labeled mitially (30 mmute») appean^to be about 
three tunes that of myelocytes This can be attributed, m part, to the fact that 
all myelocytes do not participate ui cell division, as wail be shovvn later, perhaps 
40 per cent of cells classified a» myelocytes are m a tran«^ilioiial stage lictvvccn 
the last mitoMs and emergence as a metamyelocyte The relatu e number of cells 
m such a transitional «tage v\ ill, of course, depend upon the cylologic cnicna for 
differentiation of myelocyte and metamyelocyte 

Details of the generation cycle may be obtained from the temporal distribu¬ 
tion of labeled mitotic figures following injection of tnliatcd ihjinidine A correia- 
tiQU of this “ort is beuig made, and the approximate ‘^quence of events may lx; 
di«cemed from the initial analyses ui two do^ It Jus been found that mitotic 
figures for myeloblasts, promyelocylo, and myelocytes are labeled by oO mm- 
utes after thymidine admim«tration These are prophases, labeled cells m mct.i- 
phdse, ^iiisphsse, sad l^hphsie sppeuc bj i d AcKffs The fcrsctmi <?/ hhehJ 
nuto'^es reaches an asymptote between 2 and i hours and bcguis to decrciso 
between 5 andC hours This general pattern, depicted tu figure 1, waaob-erved ui 
both dogs, a -ccond increment of labeled mitotic figures nos apparent in one of 
the«e dogs Ixitwecii M and 10 hours after thynudme administration It will Ixj 
noted that only about 53 per cent of mitoses were labeled dunng the first “ov cral 
hours after thymidine injection We have no eapLuiation for thto unexpectedly 
low value, which requires further study, among the factors that could amtnbute 
to it are the v nnance of the period betueea DX V synthesis and nuto i', the pos- 
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HOURS AFTER H9 THYMIDINE INJECTION 


Fio 1 —Theioitial pattern of labeled m\eloc)(eamadog Eachpomtm the lower cur>e 
]S based on at least oO m>elocjte mitoses in the upper curse on a minimum of 1000 mjelo 
CTies 


sibility of nonuuiform as ^liability of precursor, and false negatis es (cntenon of 
poaitmty and «mear thickness) 

Vs shown m figure 1, the increase m the fraction of labeled mjelccj-te mjtO'es 
IS follow edclosel> by an increase ui thepercentof labeledmielocj-tes Vlthough 
all cells labeled initially would be expected to undergo mitosis, the increment m 
labeled mj eloc> tes at 0 hours is only about -10 per cent This can be accounted 
for, in part, by the fact that all labeled mjclocytes ha\ e not j et completed mi 
to IS However, loss> of muiuualiy labeled cells as a consequence of mitosis is an 
important contnbuting factor Some 20 per cent of m^eloc^'tes labeled initially 
ha\ e betw een 4 and 9 grams ov er the nucleus most of the-e cells w ould not be 
scored as labeled after the first mitosis, since the criterion of positn itv has 
been taken as 4 grains (p < 01) The •'•uggestion of an early transient decline in 
the percentage of labeled mjelocjtes and the exaggerated hg penod would be 
consistent with less exten«i\e labeling m those cells neanng completion of DNA 
ejnthesis, “nich cells would be expected to enter mito«ia fir:t 

Although these mitotic data are not adequate for preci*^ charactenzation of 
the mjclocyte generation cjcle certain inferences can be made It would appear 
that mito isbegma within an hour after completion of DNA sjmthe^is. The com 
bined duration of the post«ynthetic penod and nuto-is is about 2 5 hours Since 
half of the labeled mitosis are found between 1 and 6 hours m the various pro 
liferatmg cells, the D\ V ‘'j'nlhetic penod be approximated from the&e data 
as 5 hours Preliminary observations mdicate a similar sj-nthetic penod for 
mjeloblaats-promjelocjtcs Tlie fractioii of cells labeled initiallj sliould be ap 
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DAYS AFTER H* THYM)OIN£ INJECTION 


Tta 2—Temporal disCnbutioconobeled myeloid cells m marrow Tbo raluee are based 
oo differcotial analysis of a nunimum of 1000 cells in eacb of 4 do£8 


proxunately equivaleut to tbe fraction of time «peut m siuthc'ns, a turnover tuno 
of 9 houra for m>elobUsts and promyelocytes (considered as a single population) 
and of 29 hours for myelocytes may be calculated from this reKlion'^bip Turn 
over time is equivalent to eCfecUve generation lime if all cells belong to the 
progenitor population, this is. not the case for myelocytes 

The progress of the label from (he less, to the more di/Terentiated cells is sliown 
m fipirc 2 Labeled metamyelocytes appear sjveral hours after injection of 
tntiatcd thymidine, uith an iicrage time of about 10 hours estimated from the 
iscendingcurve If nededuct the time from the imdpf^iiit of DVA tynthc'is to 
completion of mitoois (ca o houn.), then 11 liours uill lie required on the av erago 
for transition of a myelocyte to a metamyelocyte Since these 11 hours are in¬ 
cluded in tbe previous estimate of the myelocyte tuniuvcr tune, the mean genera¬ 
tion tune for tbe effective progenitor population of myelocytes will lx, 18 hours 
Thia IS in fair agreement with the tune of the setond merenvent of Lilielcd mitoses 
m the one dog noted above 

The myelocyte turnover tunc can be c'-timated m another way The average 
tune «i)eiit in the metamyelocyte clas- calculated from the data m figure 2, is 
20 hours The distribution of myeloblasts and promy tlocy te^, myclocvtcs, met i 
myelocytes, and band cells in maiTOH aspiratcsisapproximatcly 1 1 J 1 In the 
‘•teady state, in which the iiumlier of cells in a rccogm&iblc ‘•tige renuuis con 
Etant, the time -pent m a gii en stage will be dttenmned by the ratio of the num 
berof cells to the numlior leaving in unit tunc The Jluv mu'*!equal for my do- 
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c>tes, mctarnjelocjte", band and segmented cells, assuming that fe« cells die 
or escape directly into the periphery, sometthat fewermjeloblasts and promjelo- 
c>tes will enter the mjeloc 3 te cla<s m the same time, owing to proliferation 
within the latter With a metamjeloqrte time of 20 hours, the mean mjelocjte 
turnover time mil be about 27 hours X 20,) which is m good agreement with 
the independent estimate of 29 hours The mjelocyte metamjelocj'te transition 
time was previously estimated as 11 hours, hence, the mean mjelocj'te genera¬ 
tion time on this basis would be 16 hours 

An appreciable number of labeled segmented neutrophils can be detected in 
the aspirated marrow within 2 to 3 da33 after uijection of tntiated th 3 'midme 
This time may be compared with the calculated value of 63 hours from the nnd 
point of DXA s 3 ’nthesis (16 hours to metam 3 eloc 3 'te, 20 hours metam 3 elocyte 
27 hours band cell) Dilution of marrow with blood during aspiration will in¬ 
fluence the percentage of segmented cells, the effect on band cells will be negligi 
ble Anal 3 sis of marrow particle smears reveals that about 15 per cent of the 
granulocytes are segmented, in contrast to from 20 to 25 per cent in most of the 
aspirated samples If 15 per cent is taken as a reasonable value, then the vs 
mented to band cell ratio will be around 055, and the mean time m marrow for 
segmented cells will be 15 hours (0 35 X 27) 

The various estimates of the chronolog) of neutrophil development m marrow 
are summanzed in tabic 1 Despite the provisional nature of the data and the 
crudity of the anal 3 ses, it is of interest to note the close correspondence between 
the calculated values and the sequence of events in blood The average time for 
the appearance of labeled neutrophils m circulation was computed as 78 hours 
(from the midpoint of m 3 eIoc 3 te DNA s 3 Dthesis to release from marrow), the 
estimated tune from m 3 eloblasts and prom 3 eIocytcs was 99 hours It will be re 
called from flgure 2 that the peak of all labeled progenitor cells occurred about 
10 hours after injection of tntiated th 3 'midtne Hence, we would anticipate sub 
stnntial numbers of labeled neutrophils after (he third da 3 , with a profound m 
create around the fourth da 3 The neutrophil turnover m blood is shown in 
figure 3 These anal 3 ses, based on enumeration of 2000 neutrophils in dailv sam¬ 
ples from each of 4 dogs, reveal a consistent blood pattern, with labeled cells 
first appcarmg3da3safterth3midinciijjccliou and rising toa moMmum between 
4 and 5 da 3 s 

Estimates of the time spent by neutrophils in blood v ary from minutes to da 3 s, 


Table 1 —Eslimates of Chronolosisi of \eulrophtl Detelopmenl u 


16 brs IS hrs II hrs 


Bone Marrow 


;(eoKDted 




Mj eiocj te -Marrow Segmented 78 hrs 

(midpoint DN 4) 

Mjclocvte ■ M arrow Segmented 90 hrs 

Mjeloblast -^Marrow Segmented 99 hrs 

Prom\cloc\tc 
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eaumerattoa of 3000 neutropluU la daily samples from each of 4 dogs 

depending upon experunentaf procedure and anaJ>''i5 This uiicertnintv raibes 
important questions about the number of \ oscular and peripheral ncutrophiU m 
rehtion to the number circulating The disappearance of tntium labeled neutro> 
phils IS approximately exponential after the sixth da>, ^\^th a half time of nbout 
80 houiB (mean time, 43 hours) Wlieo libeled neutrophils are dassiBed b> gram 
count, there are «harp diiTcrences m the mitial rates of deca>, rntb a half time of 
12 hours (mean tune, 17 hours) for the more highly labeled cells 4s shoim m 
figure 3, the latter disappear before cells with minimal labeling (4 to 9 grams 
o%er nucieu«»), which apparently continue to be released m substantial numliers 
for several days It is generally believed that the label can be decreased only 
through mito'iis The shift ui the distribution of labeled cells m the penplieral 
blood is consistent mtb the rather progressive decline in mean gram concentra¬ 
tion of proliferating and maturing cells m marrow ov er set eral da^ s after mjcc- 
tion of intiated thjimdme 

The level of labeled cells m blood reflects the bihnce between the number of 
labeled cells enteruig and leaving the ciirulatjon m unit time In consequence, 
estimates of the tune ‘•pent in blood, which ire based on over all rates of ap- 
pe^irance or disappearance, may be considerably m excess of the true v alue This 
is clearly ■diown bj conipirison of the rales of disappearance of cells difTermg m 
degree of labeling As noted abov c, the dichotomy betw ecn the flux of cells cuter 
i«g ind Icavmg the blood is sharpened by focu-uag attention on more nearly 
homogeneous classes of cells is rev ealed by gRiiu count There is reason to beliei e 
that the mean tmie m blood miy be even le'?* than that estunafed in this way 
from daily ‘amplcs rrcqucnt sampling (co 4 hours) has been made during the 
apogee of labeled neutrophils ui blood Preliminary results m Iw o dogs are mdica- 
tive of a cyclical pattern of uicrea'se and decrease m the percentage of labeled 
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cells during this period, with the peaks separated bj 15 to 20 hours and a half 
time for disappearance of perhaps 6 hours (mean time, 8 hours) These findings, 
which require further study, suggest that labeled cells may be released more or 
less s>"nchronouslj for two to three generation cjcles before the aggregate 'vana 
bihty of the \anous phases of neutrophil development becomes significant 
IMiether or not this is indeed the case, it would appear that the mean time spent 
m blood bj neutrophils is a matter of hours rather than days Although it is not 
jet possible to assign a precise value for the mean time of segmented neutrophils 
in blood, the present results based on daily sampling reveal a maximum of 17 
hours, with the suggestion of a mean time of the order of 8 hours m the two dogs 
studied at more frequent intervals 

Since the mean time for sclented neutrophils in blood «eeras to be about half 
of that m marrow, a proportionate number of ‘segmented cells should be repre 
«ented in the two compartments There is considerable uncertamty about the 
number of segmented neutrophils m marrow lelative to blood If the ratio of 
segmented neutrophils m marrow and blood is assumed to be between 5 and 10 
then, on the ba^is of present estimates of the relative duration m the two com 
partments, we maj calculate that 2 to 4 tunes as many cells as are detectable in 
blood by conventional methods must be m a djnamic equihbnum with tho«e 
that aro circulating A large part, if not all, of neutrophils may exist within 
the confines of the vascular system, perhaps to a considerable extent as margmal 
cells If exchange of neutrophils between blood and extramedullary tissue is 
nununal, a point w hich apparently receiv es support from sev eral lines of inv esti 
gallon,* * ** then it is not possible to make inferences about the number of tissue 
neutrophils from the temporal distribution of labeled cells in penpberal blood 
It should be emphasized that earlier postulates* * of a v ery large, tatchangeable 
peripheral pool represented an attempt to resolve the apparent inconsistency 
between the number of cuculatmg neutrophiia and the relatively long time «paa 
inferred from DNA P“ blood studies* That the latter may have been an over 
estimate has been pointed out* » and is clearly indicated bj the present studies 
of the fine structure of the blood curve 

The exponential decline of blood ncutrophila, particularly of the relatively 
homogeneous classes of labeled cells, is 'mg^stive of a random loss from the cir 
culation ^Vlthough one is uiclmed to assume ‘ a first m—first out' pattern during 
the course of neutrophil dev clopment id marrow, there is probably an appreciable 
variability of the source of labeled cells after the first few generation cjcles 
WTiUethisvanabilitym marrow could contnbuteto the exponential disappearance 
of labeled cells from blood, it w ould not appear to be a major factor The '«v eral 
questions of neutrophil time <pan and randoimie^, which have been alluded to, 
may be resolved ultimately upon clo^'cr inspection of the temporal course of 
labeled cells m marrow and blood 


Slmxlart 

Neutrophil development in the normal steady «tate has been studied radio 
autographically in eight beagle dogs after administration of Intiated thymudine 
The •=ev eral parameters of neutrophil production, maturation, and disappearance 
are beingevaluatedm‘«quentialanalygcsof marrow and blood Provisional e«ti 
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niate-> ha%e been made of the turnover of the various prolifemtmg and diiTereu 
tntujgstages m xnarron The j\erage tune from the nudpoint of DXA synthei>is 
m mjelocj'tes to release from marron nos computed as 7S hours, and from mj elo- 
blasts and promjelocj tea as 09 houm There is a clo«e corre«poJideoce betueen 
thes; values and the sequence of e\ ents m blood 
The blood pattern has been characterized by frequent Namplmg, vnth emphasis 
placed on the disappearance of relatu elj homogeneous classes of cells as rev ealed 
bj gram count Although it is not yet possible to assign a precise value for the 
mean time of segmented neutrophils in blood, the prc‘«eiit results reveal a ma\i- 
mum of 17 hours, with the sugge'-tion that the actual mean time may be 8 hours 
or less The data point to a random disappearanceof neutrophils from blood, cond 
mdicate that the exchingeahle peripheral pool is considerably smaller than pre 
V iou‘;}y mferred 
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Preliminary Auloradiograpliic Observations of Cellular 
Proliferation in Lyiupboid Tissues, Using 
Tritialed Tbyuiidiue 

By John C Scuootm, B J Bri\nt ^nd Lol.\. S Kelli 

"jY/IXCH H\S BEEN LEARNED about cell proliferation mth the use of clas- 
Mcal hutoloyc methods as well as with technics iniohing notope mcor 
poration into DNA Autoradiography following the administration of a radio 
actne DNA precursor, combines some advantages of each approach In principle 
autoradiography permits the identification of the proliferating cells, their genera 
tion times, and their fate after diderentintion This techmc overcomes one of 
the difficulties inherent in biochemical studies of DNA « 3 'nthesis, where it is not 
possible to determine whether all the activity is m a mall percentage of the cell 
population or whether <orae activity is in each cell 

X-Utoradiography «eemed a particularly useful tool m the study of the leuko 
poietic system •* The diffuse nature of this system and the mature of proliferat 
uig and differentiated cells m some parts of the body but not in other? have 
made biochemically derived turnover tunes difficult to interpret It is our ta«k 
here to desenbe the results of an autoradiographic study of lymphocytopoiesis m 
mice and rats The experiments are still m an evploratory stage, and much rev i 
«ion will undoubtedly be necessary as more data are accumulated To date 
much of the information derived merely confirms \\eU-e«tablished histologic ob¬ 
servations but better quantification and some new facts <Jiould eventually 
emerge Imtially we used adenme-S C* as the nucleic acid precursor but the 
availability of tntiatcd thymidine has made it the tracer of choice and m all 
our recent experiments we have used this more specific precursor 
The ba^ic premises involved in the use of tritium labeled thyimdmc and m the 
interpretation of data obtamed with it have been discussed by Hughe*' et al * 
and Cronkite et al ‘ (a) tbymidme is a specific precursor for DN 4 which is 
available for only a '^hort time after mjcction (b) thymidine is mcorporated into 
DNA only at the time of synlhe<ns, m preparation for cell division and the ac 
tiv ity is distnbuted to the daughter cells at mitosis (c) in a nondiv iduig ceU 
formed from a labeled cell, the actmly is ‘'table for the life of the cell One fur 
thur assumption which has not yet been adequatelv studied, is that the dosage 
of radioactivity us«] does not influence future biologic potentialities of a labeled 
cell 


AIvTsmAi^ vND Methods 

The m vivo «tudics were performed on young 4 "tram mice wnth an average 
weight of 22 Gm The animals were mjected lutraperitoncally with 1 #iC/Gm. 
tntiatcd thymidine (3G0 me/mM, Schwartz Laboratones), sacnficed at vanous 
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lutenals after injection, and smears made of blood, l>mph, bone marrow, md 
various lymph nodes Lymph was collected from the thomcic duct either at its 
junction with the jugulosubcla^iaii angle or from the cisteraa chjh The results 
from two different ‘^nes of mice aie reported, and in those cases where ‘Staples 
were prepared at the same time after mjcction the values were avenig<.*d In 
most cases the values agreed quite well, m a few eases they varied bj as much 
as a factor of three 

The m vutro incubations were performed on tissues obtained from Sprague 
Dawlcy male rats with an average weight of 224 Gm Suspensions of the th}Tnus 
and me^outenc IjTnph node cells were made bj gentJj shaking -mall pieces of 
tissue m hepanuized ‘erum in the cold, followed by filtration thitjugh njlon 
mesh Lymph was collected from the thoracic duct of sev eral anesthetized donor 
rats and pooled Blood was collected from the abdominal aorta ind incubitcd 
as whole blood, or the buffy coat was removed by centrifugation (1000 rpm for 
15 minutes) and resu'^pended in serum The total cell count was adjusted to 
about 20,000 ceUs/cu mm, and 15 mg streptomj cm sulfate and 1000 mnts of 
potassium penicillin. G were added to each sample The cell suspensions were 
placed m sterde 50 ml flasks m a water bath it S6®-37*C and gentl> shaken 
for 10 minutes Then inflated thyuudme was added to give a final concentration 
of 2 fic /ml Samples were withdrawn from each cell sucpcnsion and «niears pre 
pared at vinous intervals Throu^out theexpenment only a low percentage of 
cells were <tainablo inth eosin 

Smears were fixed in absolute nieth>I alcohol for several hours To prevent loss 
of li mphoc) te-, n Inch often occurs with l> mph smears, these slides w ere fixed m 
1 per cent gelatin methyl alcohol Sections w ere fixed m neutral buffered formalin, 
unbedded m parafiin, and 4 to 5 ^ sections were cut 

Autoradiographs were made of all smeara and *«ctions, using Bnti-li Ivodak 
Ltd AJl 10 stripping film The technic of pnpirmg the auloradiognphs was 
that of Peic “ Smears from tlie m vivo and m vitro experiments were expo-ed 30 
and 14 days, re«pecli\ elv 

The autoradiographs were exammed, and the percentage of lahclmg m the dif 
ferent classes of cells deternuned Cells liavnng less than S silver grams almc 
representative bickgnmnd areas were arbitranly con‘;!dercd to be unlabclcd In 
oiost experiment!) sepirution ol lympiiocytes mto wuiM, medium, ?«d sizt 
categories was done subjectivel>, but ui f.omc evpeniuents, the actual nuclear 
diameter of each IjTnphocytic tell w is deternuned, and fnim these meo-surements 
and the differential distribution of cell s^es, a sipaxation of small (5 to 7ii), 
medium (8 to Dji) and large l>njpbocj Us (> lO^i) was nude Bccau-e considerable 
variation niiy occur m the distnbulioii of different sutd celU at the jienpliciy 
and center of smears, an attempt was made to txamme cells m various regions 
of the slide m a random fasiiion, ind m maii> casts sev eral slides were cvamiiicd 
U least oOO small i>mphocjtcs were cxiromcd m the blnod ‘•mcars ind 1000 m 
the thjmus and node ‘•mears Addilmnal larger ctlls were often counted to ob 
tmn a better sampling of the medium and large ire rattgonti 

It lu^ Ixeii issumed that the number of gnims aliovt i cell is projxirtjoii il to 
the amount of ictmtv m tint cell Itjsrccoguizcd, however, that thirc are‘■till 
many unknown van ible->in nutondiography fhe K'liitivili of different b itches 
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of film, the factors that influence latent image formation, and the possible changes 
produced bj «tainmg may alter the number of grains obsen ed o\ er a cell m a 
Donproportioual manner 

D^A specific actmties were dctennmed at 2 and 5 hours after the intrapen 
toneal uijection of 20pc of>asHP®Oi Tissues from 4 to 6 mice were pooled for 
each sample and the DXA isolated Cell numbers per organ w ere determined by 
diiidmg the DXA phosphorus content by the amount of DXA phosphorus per 
a% erage cell 

In \i\o Labeling of LTiiPuoin Tissle 

The temporal course of thymidine labeling m \anous l^anphoid tissues and 
blood for the first neek after injection is summarized m figures 1 and 2 The 
data hai e been plotted to show the diflerence m the percentage of cells bbeled m 
two size categories and to allow a comparison of different tissues In terms of the 
total number of labeled cells, it must be remembered that there are 10 to 20 
times as manj small cells as there are medium sized cells In spite of the con¬ 
siderable scatter among the points, some general trends are e\ident The larger 
cell classes initially contamed i high percentage of labeled cells, consistent with 
the knoivn high mitotic mde^ * ** In contrast, onlj a loi\ percentage of the small 
l^miphocytcs contamed label, mdicatmg a relatively low tumov er for these cells. 
These observations are m general agreement with work currently m progress m 
other laboratories* aud with our adenine-S-C*‘ studies* In figure 1, the per¬ 
centage of total cells labeled is plotted, m figure 2, only those cells with more 



bold repre'>ent per eeat of small li-mpbocjtes (SL) «nth more than 2 grains Th\ = tbjmus 
MIA mesenjcric h mph node, TDL = thoracic duct J^mph, Bid = blood 
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bols7<^pre^entperceatof«mall)>t^lpboc^le3(SL>W1tbID«>rethanlO£^Sl&5 Th> 

MLS ■> mcsentenc l>mph Qode» TOL » thoracic duct I>inpb Bid « blood 

tlwu 10 grauis Tre included A wimparison of the two figures shows that the per 
centage of the more highly labeled medium cells decreases more rapidly than 
does the percentage of all labeled medium "izcd cells This is to be eApected '■mce 
the labeled DN 4 would be diluted mtb succesSRe iji\iMon<s. 

Thjmus and me'entenc uode» had distinctly ddTereut patten»‘' of Jibelujg 
The percentage of medium sized cells labeled tended to be higher m th^mius mi- 
tially, and the labeled cells disappeared more rapidly than m mesenteric iiode« 
Cervical nodes paralleled meaentenc i)ode!>. 

Most of the pointa for medium -ized lymphocytes m figures 1 and 2 are baaed 
on the scoruig of about IfW ceff** To obfaut a bet ter picture of t/ie change m gram 
counts with time a minimum of oOO medium 'ized UiiTnus-l^mphocites were 
scored for the first 24 hours after the uijectioii of thymidine The dnta ire pre 
rented m table 1 It is apparent that there was considerable lanabibtj m the 
grain counts Presumably at 2 hours most of the 1 ibelmg had come from cn 
dogenous DIs 4 gvTithesis, and not from di\ ision of larger cells The \ anation of 
gram counts could be due to a combin \tioa of factors such a& differences ui D \ V 
synthesis rates and availabihty of the tntiated thjunidme, as woU as the '•tatistica 
of autoradiographj If no further activity enters a population, the dccre-ise in 
the mean gram count with time slioukl be n measure of the genention time of 
dividing cell's Becau e scattered reticular and lai^e colls, as well as tho-^ of 
germinal center'', were uutially highly labeled, the contnbution of lalielod DNA 
from the division of those cells to the medium -ized cla^v^ will have to l>e quan 
titled before the true gencrvtion time of medium sized cells can lie dctcnnuiod 
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TJkBLS 1 —Grain Co nl Dislnbulioa o/ Vedium Lymphocytes in Thyi lus 
as ptr cent of Cell* Counted 


Tateafut Hjcction of tnUaUd Ui)! 


Grajc 


cell 


2 bn. 


>3o 
31 3o 
2&-30 
21 2o 
16-20 
II 15 
3-10 
0-2 


0 30 
050 
050 
2 8 
3 6 
12 
30 
41 


0 48 
0 32 
1 3 
1 4 
1 4 
9 0 
40 
40 


0 

0 

0 so 

0 GO 
2 2 
s s 

47 9 
39 9 




0 

0 

0 

0 2o 
0 6'> 
3 6 
40 
o6 


Neglecting this at pre'cnt such a calculation gives a genention tune for medium 
«i 2 ed cell* of approximately one day for fh>mus and three dajs for nie'^utenc 
node*. Judgmg from the mitotic mdices reported for rats * “ the^e time* ma\ be 
too long 

The percentage of labeled small l\mphoc>te 5 mitiallj mcrea'sed with time in 
both thymus and nodes The curves are consistent vnth the generally accepted 
idea that the «maU cells are formed b> division of larger cell« but our m vitro 
stud> mdicates that some endogenous DN V^^mthcsis also occurs The^^epamtion 
into small and medium «ized cells u necessanl> arbitrarj In general the labeled 
‘•mall Ijmphocj-tes had leptochromatic nuclei and were slightly larger than the 
average of this class but ‘ome labeling was ob-erved in smaller cells with dis 
tmet chromocentere and pachjchromatic nuclei The percentage of labeled «raall 
Ijinphocjtes in the thjTnus was considerabl> higher than in the nodes and they 
disappeared more rapidly This rapid disappearance of the highly labeled small 
bTnphoc>tes pre umably mdicates either a <hort tune «pent these cells in 
the thjmu« or a dilution of the labeled thymidine by mito is or a combination 
of both The extent to which thymus iyinphoc> tes contribute to blood and 
IjTnph Ivmphocjies is being studied >* ^Tien more preciae data and a good mathe 
matical model are available it should be pos..ible to calculate the rates of for 
mation of small I 3 mphocj’tes ui the different tissues. 

The percentages of labeled «mall and medium Ijmphocj’tes from thoracic 
duct I 3 mph paralleled those from me-^ntenc nodes fairlj clo-elj This suggests 
that wnth regard to age distribution the cell* released from nodes repre=ent a 
random «ample of what is pre‘«nt m the nodes In general thi* is in accord wath 
determmation* of DNA P** ‘■pecific activitic* which were ■'imilar for node and 
thoracic duct lj-mphoc>ies* * 

rhe percentage of labeled I>mpboc 3 'tc* m blood re-embled that in me'entenc 
node* and l>mph after the ffr«t few hours Figure 3 summarize* the blood data 
for the fir-t month 4 con'.iderafale fraction of the medium f>Tnphocj'te* were 
labeled withm a few hour, and none were “een after nine dajs PreTimablj 
this 1 * the group of lymphocyte* described by Ottesrn** m humans and by Re«e 
gotti’* 111 rabbits as havmg a mean a^ of three days The percentage of labeled 
'mall ly mphocy tes increased for the fir^t three day * and then declmed gradually 
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Ih 3 ■ f Uuuii I)k{ i> <r>|r« Attrf tnliMc 1 litir injrrti u ''f ttl (a 

1 rfll* 03 crainii iu 1 UUIr 1 r<ll« OM) xn ( h (m r rcut of 

rcdt ta r*th tiic Cktrc tii«Uar(* in «liirh no lal'rlrtl r^lU wcrr fu iiid icrn Ujchug) 
xte [ loiii*!] ><r> lo’ lt .0 ai viwj 

H> one m( lUii UUliil 'tiuU vMrv nin[> M.tn llu iU-<ri is 

tuna niini ihui«tu ini(>iu fn>m pn.Mitu^c'-'tuu kto" nvult ou the 

Iw'isiif l)> \ flMTjrienrtiulK-mollitrJiKtui ** ’ Mtluiiigh flicrt « (■.(ori'-jcltp- 
nbli \ in jIk iLiu, Uit ilifliDt m lilxUtl ulb ippciml » U it>u{,)jl} 

(xjwjjji utul, wit)j 1 JwU Ujju Ilf om to two uii ki* It mu t Ijo miii-kl th it tins is 
ii‘'l 4 jin vMiri«f tilt turn ui the hloot) hut ntlu.r u riflittimi«f the tmie 
►pent ill the ihmIi^ uml inw ihlj the jnnphro. on whethtr «>r not one 

aiHitiK*! ilut «)li in (Ik jk riplicrj *«-* <'‘i««hhriiim with (110*0 in (lit ikxJcs 
mil h)</iKl 

ky .sJ/.iv .vv A*«i! -lUATOwi, jui>'>ulAr4liU j4vufiw.'d.iny Auit 

►ulficKikt l 1 ltt^^t to i\ irrjut iiuntwm, m is tint etlls %\ilh tlic morphologic it>* 
Iicnnnct of mull IjmjiUiHjtts (Jj to *50 jurccnt of the nucit itoii cells) H-emcni 
to hill idtlTinril (tittcni of Ltlxling thui ^nuU ))mph(K.> t( 2 >m bliKid orl^mph 
Old tzvuc n»c {xrcint jgt of thew. cells contiiiuiig Jjlitl grj«Iinll> jncm.*pcd to 
i maximum of X) |*rr rtiit it tlmrcdos, ind then ilechiml Vpproxim itcl> 10 
l)cr cent liail more th ui 10 gnms. Tin. wlcntifiiution uf Ij nipiioc> tts m marrow 
H iltt ija ililficult, 11111 mtnrtlucts an uncertumtj Howcier, •'ome confimution 
of thfve re-ales w is oht nmxl fmm un ixiiennunl m wlneli imiltiplt daiij injoc 
tions of thjmidHJt wen. w>i» to mict. mil rits Lmlcr tlii'C londitions, esKn* 
ti illy o\trj jmclLJttd itll in the imurow w is lalicltil, whiix is onl\ 10 per cent 
of the I>inphocNIcs m Ijinph mil blood conUmed lalwl If (lu‘>c eelU iro truly 
tninll Ijinphocjtcs, is this obH-rted difference «i 1 ibebiig related to their ibibtj 
to Kt IS ‘tem cells in the nnrnjw, is •'UK‘-‘'t«d m the ixi^t? Th(i>rctjcill>, an 
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accumulation of labeled cells in the marrow would be expected if the Ijmpho- 
cjtes enter tlie marrow m a random manner with regard to age and ha\e a 
finite life span Alternatively, this accumulation could be the result of selective 
sequestration of labeled cells or endc^enous DXA sjTithesis by marrow Ij-mpho- 
cj^es Tliese mechanisms considered separately cannot provide a quantitatively 
satisfactorj’ eNpIanatiou 

In Vitro Uptvke of L.4beled Thymidine into L\xiphoid Ceixs 
Ljmphocytes from rat blood, Ij-mph, and suspensions of thymus and IjTiiph 
nodes were compared wath respect to their ability to sjuthesue DXA m vitro 
Table 2 suramarues the percentage of labeled cells found m the different «i 2 e 
classes, and table 3 the differential distribution of these cells Xearlv all labeled 
cells had high gram counts Only the thymus showed significant labehng of the 
small Ij-mphocj'tes In the thj mus, 2 to 5 per cent w ere labeled, and the majontj 
of these were m the 7a range with a leptochromatic nucleus Because these cells 
were already well-labeled after 15 minutes of incubation, the label must have 
come from endogenous DN \ sjutbesis rather than from division of larger labeled 
cells These are probably the small l>mphocjtcs that Samte-Mane aud Leblond'* 


Tn»v,i. 1—PtT C«nt Lat«Sed LvmpKo«vl«»* Ifttr viv In&Dbalion 
utih Tnitaltd Thymidtnt** 



iBoibtlioB Time 

1 Cell disDfUr la euctea* 

Wm 


j 

Blood 

13 miD 

0 Oo 

0 

1 6 6 

Th>fflus 


4 4 

62 

1 ^ 

Mes LN 


0 

3 1 

31 

Blood 

30 miD 

0 

0 

1 1 6 

Ljmpb 


0 5 

40 

1 60 

Thj-mus 


2 2 

59 

70 

Vies LN 


0 2 

7 6 

1 66 

Blood 

1 hr 

0 07 

2 8 

1 2 

Lymph 


0 8 

S3 

1 - 

Th>mu3 


5 5 

70 

i S7 

Mes LN 


0 5 

28 



* Average number of cells scored pter sample o to 7a class, 2000, 8 to 9 class 150, > 
10/1 class, 70 

•• Cf Addendum. 
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1 OU diaaxtrr in ziu<7i>as 

i 5 


1 

t 


^.0 

Blood 

OO'c 

34*^ 

12% 

3 0% 

1 0% 

0 43% 

Lj-mph 

90 

8 7 

1 4 

0 32 

0 06 

0 02 

Thjmus 

82 

9 S 

4 2 

2 4 

1 1 

1 1 

Mes LN 

64 

19 

13 

2 4 

0 84 

1 1 
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obsen ed m nuto'is A high percentage of medium and e«pecjaUj Urge cells w ere 
found lal>eled in thjTnus, Jjmph node, and l 5 mph Hone\er, labeling m the 
medium ^ized l^TOphocytes from the mesenteric nodes iras considerably Ion er 
than in tho'e from thymus and lymph Since in a «hort incubation the percent 
age of labeled cells represents the fraction of the generation time occupied by 
DW synthesis, the medium sized lymphocytes from nodes ha\e either a shorter 
DN\ symthcsis time or, more probably, a longer generation tune than tho‘‘e 
from thymus 

Blood lymphocytes, nhen uicubated in \itro, showed a much loner percentage 
of labeled cells than cells from any of the other tissues * This was found whether 
the mcubation was earned out u«;mg whole blood or a bmpeiision of the buffy 
coat Red cells did not seem to be re«pon«ibJe for this difference, «mce thymic 
cells incorporated thynudme to the ‘same extent whether or not red cells were 
pre«erit The percentage of tells labeled m blood agrees with that found by Bond 
et al * m human blood The metabolic difference between the large and medium 
sized cells m blood and ly mph is ^tnLing The Urger lymphocy tcs must come 
from the lymphoid tissue cither by direct entry or \ la the lymph, w here they do 
ha\c the capacity to syuthe«i 2 e D\A The fact that those cells found m blood 
did not incorporate thymidine to any extent m Mtro suggests that there might 
be a selectixe sequestration of those cells in the proce^is of synthesis upon entry 
into the blood stream Alteniatnely conditions in the circulation may alter 
the capacity of these ccll^ to ^ymtbesizc In vivo, the percentage of labeled 
medium lymphocytes in blood was much lower than in lymph at two and sit 
hour«, in agreement with the m vitro findings 

Ltsiphocttopoiesis as CsTauTcn bi P** Incorporation 

Tlie number of cello formed m lymphoid tissue may !>c estunated from the 
rate of DXA synthesis as measured by the incorporation of P** mlo DNA In 
order to dctermuie the fractional DN-V tunioxer accurately, a complete time 
curve for the immediate precursor specific activity -uid the DW specific activ¬ 
ity would have to be known However, as a rough approvnnation, the D\ 
specific activity was measured only at two and five houre after the P** injection, 
and the average specific activity of the acid soluble pho'phate nos assumed to 
be the precursor activ ity The calcuhled DNA '^vmthcsjs rates m mice, together 
with the total cell numbers, are presented in table 4 The renewal rates obUinod 
were similar to our mcasurcnients m guinea pigs'® and rats and to the earlier 
values of vVndreasen and Otte^on* and others De<;pite all the approximations, it 
appears that 0 5 jicr cent to 2 per cent per hour is a rcaHiiiable range for the 
renewal of DNA m rodent lymphoid tissue 

The total number of cells produced, as e tmiated by this method, nuy lie 
compared with thoracic duct lympliocyte outputs In our nuee, the thoracic 
duct output, determmed by cannulation in me-thetized mice, was 2 million 
cells per hour, winch is in the «ann, range as tlic number of cells produced m 
lymph nodes and thymus, V «iroilar comparison in gmuui jugs and rat'' lias led 
to tile same conclusion namelv, thit the number of cell» jiroduced m the or 


Cf tdJeQtiuin. 
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Table! —Lymphoid Tts»ue Renevat from D\ 1 Specific icliitlte$ 



DNA Specific 
AU ty 

Meu 

A d 
Solidile 

Cti uUud 
DNA 
RcDcsal 

No ^Cclls 

Cal ulated OU 
Product os per 
Hour 

2hn 

Sins. 

CpMfiC 
Acu ty 

Mesenteric and Mediasti 

4 5 

6 3 

96 

0 62^/hr 

1 o X 10» 1 

0 94 X 10‘ 

nal Nodes 







Cervical and Axillary 

3 6 

o 0 

4o 

1 O^/hr 

0 63 X 10> 

0 63 X lO* 

Nodes 

1 






Thymus i 

1 6 6 

10 8 

82 

J 5^/hr 

1 I X 10’ ■ 

1 1 7 X 10‘ 


* Specific activities are calculated as counts per nunute (cpm) per mg of ONA phos 
pbonis times 100 divided b) cpm injected per gm body ueigbt Mean values from two or 
three determinations Male A strain mice avera^ weight 24 Gni 


ganizcd Ij-mphoid ti:>Bues (excluding llie spleen and Pe>ers patches) is of the 
same order of magnitude as the thoracic duct output It is important to note 
that the measurement of D\A symthesis rates or mitotic mdiccs gives luforma 
non on the total number of cells produced This could be equated vnth small 
Ijinphocyte production only if all the newly formed larger cells eventually 
differentiated into «mall J^mphocyies The fraction of larger cells formed nhich 
leave the nodes or die is not Known, but if it is appreciable it could account for 
the apparent discrepancy between the high D\ \ P” renewal rates and the low 
percentage of thymudme labeled small lymphocytes Thus, we do not beheve 
that the *>mulanly between thoracic duct outputs and cell production m lymph 
Old tissue can be us’d as an argument either for or agamst lyTophocyte rocircu 
lation In addition to the uucertauities id the measurement and uiterpretation 
of DIvA «!ynth€«is rates, the thoracic duct lymphocyte output m the normal 
animal is not adequately known, since it has been determmed m anesthetized 
or re teamed animals Furthermore, the extent of thymic 'uid eplenic contnbu 
Uon to the thoracic duct lymphocyte output, is well as the fraction of lympho 
cytes produced in lymphoid tissue that enter the blood directly is unknown 
0 good^ has discussed in detail the parameters to be detemimed before an 
adequate understanding of leukocy topoie^is and leukokmetics becomes possible 
are confident that autoradiography will eventually allow the determination 
of many of these parameters, but at present, regrettably, only a ■=emiquantita 
tive picture has been obtained 


Addendlu 

Additional expenmeiito require revasioa of the conclu ions reached concemmg 
the DNA synthesizing capacity of cumulating blood lymphocytes Recent I hour 
in vitro incubations of whole blood have yielded much higher average percent¬ 
ages of labeled lyinphocytcs (5-7/i, OJ per cent 8-9fi, 12 per cent, S10;i 41 
per cent) than found in the preliinmny eicperiments reported abov e Further 
more, we have found that the presence of red cells in the 'miears mcrcases the 
nuclear diameter of the ly mpboid cells by approxiraately 2;i Thus the more re¬ 
cent experiments largely eliminate the apparent previous difference in labelmg 
between comparable classes of cells m lyanph and blood the re'^ults m blood 



AUTOHADlOGaAPmC OBSEK\ VTIONS tSINt TRITUTLO THlillDINE 217 


are nmch more ^ anable than thoi>e found in other cell suspensions, and may be 
due to such factors as the level of aneathetics or glucocorticoids m tlie donor 
blood 
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Some Aspects of Cell Population Kinetics 
By Quastler 

EPITHELIUM lining the ‘■mall bond is one of the Mmplcst systems m 

nhich cellular proliferation can be <!tudied since about 05 per cent of the 
epithelial cells are of one tjpe Durmg its mature life each cell migrates in an 
orderlj fashion from the mouth of a cr>pt to the tip of a villus* The develop 
ment of autoradiograph 3 with inliatcd ihymidme* has made possible a detailed 
investigation of the kinetics of cell proliferation and movement m this s>»tem 
The results have been comprcbeusivd^ stated el-ewbcrc-* In the present paper 
a few points will be developed which bear on problems of cell proliferation m 
general 

Both ■sectioned material and ‘^lua.h preparations can be used for studj The 
•iection has the advantage of preserving anatomic relations and thus vicldmg 
accurate mfonnation on the location of labeled cells Counts of labeled cells are 
affected bj «elf ab-orption and, therefore, are of limited precision amounts of 
label in uidividual cells cannot be estunated at all, but the maximum level of 
labeling as well as the avenge level can be estmiated with fair precision 

«qua«h method has been worked out for the intestine bj D R "Wimber at 
Brookhaven * She isolates individual villi and crypts and spreads all epithelial 
cells of either «tructure evenl>, with negligible looses Such preparations >ield 
V ery accurate determinations of total numbers of cclb p>er viUua or crj pt number 
of labeled celN, and relative amounts of bbel in individual cells For the la«t 
mentioned purpo->e, the <riuasb method which reduces all cells to about the same 
thickness IS preferable to the «mear 

Combining mformation from «ectioned and cqua‘-hed material, one can obtam 
vejy accurate counts ofab'OJuie and relative numbers, which then can be utilized 
in e«timatmg kinetic parameters within a few per cent However it was found 
that there are considerable vanatious m the number of cells m mdividual crjpts 
and villi, m the averages for different mice, in the ratio of villi to-erj^pts m 
different mice, and m the amount of movement of labeled cells onto mdividual 
vilh within a given time Smee the estimation of the kmetic parameters must be 
based on combmiug re ults from different animals, large numbers of animals 
would be weeded vw order to arrive at precise ‘'to.tvatui'’ A.t thia moment it is not 
planned to collect data on such a scale The estimates giv en below are largelj 
based on sections, and are preci** to a factor tliat vanes from about *8 for the 
best e tiraates to about 2 for the poorest ones 

Labeuvg Indices 

\s the mitotic mda\ is the ratio of cells m mitosis to all cells so the labelmg 
index 13 the ratio of labeled cells to all cells l\ith tntiated thimidme as a label 
the labelmg index is equal, m general, to the fraction of cells that were sjmthesiz 
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Fio 1 —Labeling index versus position crjiit epitbelium of lower ileum of 'August ’ 
rata 

mg DXA \t the time of mjeetion Siuec the duratiou of the D\A®.},nthe«^\s 
plia'^e (*S phase) is ftJlO times that of the mitotic phase, the labeling index is 
correspondinglj larger than tlic mitotic index and therefore easier to determme 

Labelmg indices can refer to entire cell populations, or to \ anouslj defined 
subpopulations The labeling mdcv for the intestinal cpitfaclmm, including cr> pt 
and tiUus cells, is 13 per cent (ui the loner ileum of a voimg adult Co7 BrowTi 
mouse, for other parts of the intestinal tract, and for other «train» and «pecics 
the data are somewhat diiTerect) 

\ii example of a labeling index defined mth respect to a particular location is 
gnen m figure I The po«itioa of all bbelcd cells in a number of crjptsw as noted, 
the columnar cell bordentigon the Paneth cell region beuig counted as cell 1, 
the cell occupjujg the next position toward the lumen as cell ^o 2, etc * Alxnit 
50 per cent of all cells in a lunited zone arc reen to be <>yntbc5]ziog DNA, with 
a diniinutiOQ of D^A sjnthesizmg activity toward the mouth of the cij-pt V 
similar wjtuatioa has l>een found m xanous segments of the •'mall bowel of mice 
and in the cell* of the gromng hair follicle in mice * the imaimum lowl Jahehng 
index Usually being between ^ and This indicate* that m the region of maxi, 
mum synthesizing ictmtv the duration of the 5 phase i* “f ^he total 
proliferative cjcle, or more if not all the cells in thi* region ire proliferating 

A labelmg index can equally well be defined for a ^ubpopulation of cells in 
a particular functional plia^e Figure 2 «hows the hbehiig index for cells m mela 
phase or anaphase as a function of mterval clap’^od between ndmmistration of 
label and <iacnfice Tins btudj reveal* much aliout the lanctics of the prali/eratii e 
cycle Cells that are found m metaphase or anaphase it the time of examination 
must have been &juchronoua to nithin about hour at the time of sacrifice 
Cells found to be labeled must have been m the *5 phase a ftw minutes after m 
jectiou of the label By varjmg the interval Iwtwecu injection and sacrifice, it is 
possible to determme the altcniation of S and non 5 phase* preceding the sicn- 
fice’ In order to be m mitosis and to be labeled, a cell muH hive gone at least 
through phase Gt and prophiM. between the time of injection and the time of 
sacnfice, thi* is -ecu to take at feast hour The iierccnl ige of laliclcd nuto>es 
nscs to almost 100 per cent over a penod of about 2 hour* Tlit length of tlie 
n>m time IS due to three compoueiils xonabiUtj in tlio duration of the 6, phave, 

\ anation* in the length of lime a cell has l>«ii ni mitO'i** at the time of sacrifice, 
and the length of time after injection, dunng whtdi laljel v» i* ai vilablt It is re- 
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TIME (HOURS) FROM INJECTION TO SACRIFICE 
Fig 2 —Percentage of labeled mito es \ersua time betneen injection and sacrifice erj-pt 
epithelium of lower ileum of C57 Brono mouse (Reprinted, b> permission from Exper 
Cell Rea) 

luarkahle that almost all Libeled cella seem to go through mitosia «ooa after 
termmation of the S pba«e, m this tissue, DVA doubling ttithout succe«>si\e di 
MSioti must nonnall> be rare 

\ high percentage of labeled mito«es i» maintained for •'etenl hours, the 
mtcnal between the t»o oO per cent points of the cune being about hours, 
this is the mean duration of the S phase If the S phn^e uere of constant dura 
tioii, the fall of the cune would be the uiierse of its nse Actuallj it i» leoa ^teep, 
which protes that <S phama in mdividunl cells mu^t be of unequal lengths The 
low labeling index following the peak is due to cells which were ui the G\ pha.e 
at the time of labeling The sariabilitj m the duration of the f?i pha'e mu's! be 
\ cry great, this could account for the aboence of % well defined peak, corre pond 
ing to the 5 pha«e preceding the one opened 
The cur%e «howu «eenis to be characicnslic of se\erwl tisisues Mniilar cuncs 
ha\ e been found for the bone marrow* and for the hair follicle * 

0\EB \le Kinetics 

\ssummg that 13 per cent of all mtestioal epithelial cella are in S phase at 
anj gi\en tune, that the S phase lasts an average of 7 5 hour^ and that it is 
alwajs or alnio&t nlwajs followed bv mito-'is, the hourlj production of cells can 
be computed as 13/7 5 = 17 cells per 100 epithelial cells per hour In the steady 
«tate, the death rite must have the same value Furthermore since normally 
all cells go through the phascsof the proliferative cjcle, Cl, 5 Cj and mitosis, 
m that order, and ^ince few of the cells to die m the course of normal prolif 

eration, the''teadj 'tate condition requires that n,/t, = n,//, = 1 7 cells per I(X) 
cells per hour, w here n, = percentage of all ceSb in phase * (i being G\ S etc ), 
and /, = mean tune to go throu^ pha>e t 
The epithehal ‘ibeet covering Huvilh contains about C5 per cent of all cells 
It IS trav ci^ed m about 4b houre, as established b> «enal sacnfice after labeling * 
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If all differcntutmg ceils go throu^ the Mhotc length of the mIIvis then one 
‘■hould find n,{i, «= 1 7 per 100 cells per hour Mheren, « the percentage of cells 
tra\ctMng the viiliis, and I, ~ the mcaa Uaa^tt time but Gj/10 =* 1 1 nic 
discrepancy is not hr^c and is of doubtful el itistical feignificmcc '“tneo the time 
parameter I, can be cst ibliabcd onlj wjth Ion precision The ratio «,//, might 
be *13 smill as 1 and as hrge as 2 Phis nngc njde is it is does not alien for 
heavj mortality of nenly produced cells 
The aiialisi* of kinetics Buggc.lcd the e\istcjicc of i definite iriui-iiion ph is; 
betneen proliferative cr>pt cdl iiid mature \Ulii3 cdl lor s,%eral hours iftcr 
injection of the libel no labeled cells ippcar on the mIIi and it takes ibout U 
hours before the procession of labeled cells moves at full speed Tins indicates 
that release from the crjpts depends on a libeled cell luvmg gone tiirough 
mitosis and some sub^iquent transition ph isc 
J C Hampton of (he Untversit} of ^\a.hIngton liasl >akcd for and identified 
the transition phase m the electron microscope b} a tudi of the cndopl I'mic 



111 j—^T> i>ch of cn loj I-van c retell la (a) | re<lo ninandv cylaf rftJojIi- ae 
rcl culuni a { rol frramo r< 1 ! (b>»ulaJ*r« loi»U in e rctiniJuja »a maiure rrJl ir 
t>l>e »u c<.II i cor m ut!i fcrjjt IjUargr lot OOtl t ne^ tdcclron lu cn Ktafl < ( Pr J C 
llainpioi) 
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reticulum of the cj toplosm * PrtJiferating cells ha^ e a vesicular reticulum, mature 
cells a tubular endoplasmic reticulum Cells that Jme portions of both kmd" of 
reticulum are foxmd near the mouths of the crjpta (fig 3) 

Co^CLCSIO^ 

E\en m a relatively simple cell various methods had to be combmed 

in order to establish the ov cr all kmetics The luo t substantial adv ance was due 
to the u^e of cells with two phase markers ’ i e imto«is and labeled DN V It 
seems that at present, the greatest need in this research is for additional mde- 
pendent phase markers 
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Discussion of Results Obtained with 
Tntiated Thymidine 


E L ^LPEV It IS refreshing to hiar that 
nithtntmin Dr Bond finds the generation 
* Vinie investigators includini; Dts 
Bond and Cronkite feel that it is not pos 
sibte to obta n coMlanl and reproducible 
cjtopla mic color reactions tihen staining 
through autoradiographic film According! 
these investigators have u ed nuclear cn 
teria (or identifving cell stages Bond ct al 
define normoblasts in large part on the has s 
of nuclear diameters admitting however 
that due to «ome overlap this alone cannot 
be u.'cd The degree of chromatin condensa 
tioo pre'cncc or absence of nucleoli maj 
al&o be Used Lnfortunalelv in so dong 
terms which normally are used to desenbe 
a tinctorial cbaractenstie of the otoplasm 
have l>een appl ed to cells which mav not 


tune of the orthochromatic nomibla t* is 
quite close to what ne determined with 
iron about 20 hours However in reference 

have pos essed this characteristic More 
over if as Dr Alpen suggests there are two 
lines of development for the polv chromatic 
nonaobisLst—one in which polvchroma-ia is 
lost prior to nuclear extrusion (ortbrochro 
matic normoblast) and the other in wh cb 
the Ducleua Is extruded pnor to loss of 
pol>chroniasia—then there will be «ome 
cells with nuclei of equal diameter and 
chromatin conderualion onlv one of which 
hasanorthocbromatiecitoplasm To clarify 
this problem these authors have submitted 
the operational definitions of the cells in 
question (Bond et al see page IbS AJpen 
and Cranmore footnote page 290) —£d 
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tu iiid T\ m irks un Mltciiar or not tin. {lul^ 
rliruuutic ikunnoitIi.-t uu ih cimuu foils (o 
Ru itiruofji tht ortlioilinmtatK tionmiliLLot 
(-uin}iortn)i.i)t or is lot-t, 1 tliink it i* Hortli 
K*i>in,ttlut { fiilMri s^tiuiiRts untlitlnsu 
of our iron ihot tito urtlioclirouiitic 
iiDniiolilost IS m Riiurul i khU ^trvatn of 
licMlopuHiit of tlu roilc^il It IS mon. or 
li-M 3R aciidiut If o nil t« i RtHuWitc 
it il)L tixl t f lU illicit junrnt it rouli) iiot 
lu\t Utn on ortliodironuitic nunuuUoftt 
Iktou-m (•ulK.lirutuv'U utiull R(t Imc 
iDDic lurk in tliL nliruloritt ^^o if oni. 
n»Miini'» tliat tuntiurU of tin. rtlU tliot 
m (K l)chrtiuutic tionuolil ots t}«n go 
on to nticulocitin and nsl this llior* 
uujil> ix}iUm« tiu' olisinatiuiLs iiudc ti> 
Dr ikin I \\c fill tliat our imii <LtU rlion 
tins to lx tiip i-aN. •■^imitliiiij: imr out 
Imlf of tlir jM iNcImminlit luiniioWu‘-ta fad 
to Ix-cofiK ortlioclirofiiitH iiorniolilt*U in 
till tsiupt <4 tliiir ill VI lopimnt 

\ I* floNti nmjK. I nude it titar tint 
one iiiUrjirititKin of tlic curvi-s of lilickd 
intlirix}tir jjnsur*ofs would dlow for 
“omi jwiv I Im nutic nnniiolil lats lo ixs-vmc 
ft.tlCU'(KVt<-« UitllOUt K<I«S tlimuRli tlic 
hti^t of thii urilKKliruniatic nunnulilv.t 
Tins » uut> on< tx^ailjlc txtiUualiuQ 
\notlicr < tjiiiiutioii t f til? cuniji m tint 
lilt fmt 'tructuro of llit ujBwmwnj; curve 
of tilt iX)I) cliruinatic nomiulilaft iiva> lx, a 
‘Upwiac rullitr tluii i foiitinuoiis fmic 
tioi) JfUuswtrui oiul tlu ft Ls no mcR-ase 
III tilt iiumlHr of latxlisl {Kiljclinmulic 
numiobtjxts it llioxaiiu tinn tliit IilxJisJ 
cflls arc jxiunni; into llio ortlux hroinntic 
romtiartmiat, tiun it is poaMtilt to explain 
tl)p rurvfs without n’UirliiiK to tin Idks of 
ctlU in llio jwlvclironiatic toinjurtmcnt 

It 1 ticiiTiuis Dr tttnhcr.mlloDn. 
iiitnxluml iiHw inithoJ of cLvssifMnR the 
crj-tlirobLoit, mtU'Unnt; tin dunu Ur of the 
(.rvthrohlast nuclei He finds tint the iiu 
cltus of the biR trvlliroh! est—whielt bt 
tallisl the K 2—is tw wO tin i-izc of Iv ] • and 
K ' 2 is h df tliat of K 1 and mi forth Ho 
has i^liuwn m vtrv Miiall liiin'“Ura tliat tlic 
rtumlxr of clmnniiMimcs iii K 2 and K 1 
whin Ihci arc dividins « 22, in tlu. bH 
trjtlirohlastn duiMon the number of 
clmizno.'omrts is 12 Ho his also show o th A 
m tfie nivtfocjlic ^tagt there i*> a reduction 
miUiMs to one half 

W Dviii-uiEH I liavc liitenixl with 
considcmiilc awe and odnuratiou to tluac 
lalicling technics, of w Inch I know le^ Ilian 


notlung inii I must wy that tht tnliatcil 
th>midint technic n jm Mnls a Rftat ha ik- 
throd^h uhicii 1 }io(>e will lesil to many 
dJM*ovints 1 do hojic, howtver, tlut this 
and the otlicr tcclinits will not lead us 
oetraj too often Tliere sctnis to lx, some 
discapaiicv ui tlic observations from lib- 

oraU)t> to Idbonlorj. jmlicularl> with 
ftUance to life sjuii of cells ind rtxircuk 
tion of blixxl 

*Mimc olH-ervntions based on old fi'^h 
lulled niorpheihgic technics rtuj bear ou 
the <]own.do]x of Dr lk>nd s curve of tlic 
l,nmuWjU» Tlic pnimiloevtc m the mjc 
luevtie fcta^e, lus a larj^e nucleus uhich lie- 
cuiiMs jmign'^ivilj ‘•maJlir as the nil 
inatua-s I vcntuallv tlie nucleus hrtiks up 
into lolxn nhteli Ix-etimc siiiiHcr and 
^malhr. ind fui.iJIv mtoK vind Mnall loUs 
Iait|Kix'ibh tiiat home of till Inlxsgttlo t 
from the crlj, together uith DNA’ 

1 >ini>hoc> tea arc ([uitc diiTcrcnt ui ‘ DU> 
char Uliavior ' Tlic mwlnun ijmpI)OC>to 
lus i nucleus aliout the Mime nxe as the 
smill t>inpboivlc The c>top)i>m simpl> 
Ixxoiiws MTialhr The siiull IjinjhiKvto 
gws jluRg with the Mine ai2e of nucleus 
throughout lU life ^juii vvhaUVir that 
v(uiimi) lx 

One wonicrs alxiut Dr Haniiltons ol> 
MrvatiuiiH of tlic \ir> long life •■ji.in m 
chrome Ivmplux-jttc Icukimui If jou look 
at the blexxl vou M\ a i^rrat main brokra 
down tvinphocvtes ilthouj,U Ihur nuclei 
aa mure or h»>s intact TIick atif,ht con 
c<ivabl> exi-t in the iinulitinn for H«no 
iinmtiu I wonder if that m%ht account fur 
the oltecrv itions of \cr 3 long life 'pans 
When tbiM* life rpans m mi inured b> iso 
(o|x tcchiuc'f, one is tmisunng a i-ertim 
constituent of a cell notnms.'arili the life 
►pm of the till lUclf 

I G LvrncA I ‘•houl I like to coLirge ou 
thopomtiiKntiunctdb) Dr I)3mc«hik Tho 
fwmatohigists alwajs cm M.t a decrease in 
M»J as mjclievtch mature to later forma 
In view of this ind the diflcrenet^ in gram 
lount which one finds between ciri> and 
hU? cell', I think tliat one ought to v icn 
thcsic stoiKs based on DNA labeling witli 
the utmost cmtion until one has positive 
data based on siwolropbotomclnc nipasure 
menteof the n\A content of ceils at van 
ous stages 

V 1* Bond If I interpret Dr Lajllia s 
remarks torrcctiv, I w ould agree to a large 
extent Ba'ietoanj DNA Jalx-Jing curve is 
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the assumption that the input data are 
good le we can posituxlv ideRtif> cells 
and place them in the correct compartment 
If we are unable to do this then the result¬ 
ing curve will not reflect aceuratelj the 
kinetics of the flow from one compartment 
to another It la quite possible that mor 
phologic criteria are not good enough for 
this purpose W e are aware that granulo- 
cj^es decrease in sue as thej mature and 
that an hour after labeling the more ma 
ture the cell the fewer the grain counts 
However within one to two generation 
times the gram counts are high enough to 
quantifj accurately the number of labeled 
cells ith regard to Dr DameshcL s ques¬ 
tion as to the possibility of pieces of D\A 
being removed some evidence for this has 
been presented for the erythrocytic senes 
in bone marrow and may occur al«o m the 
mveloid Mrie« If this occure it would of 
course decrease the gram count over the 
more mature cells but would not cause the 
cell to be classilied as unlabcled unle&s the 
total gram count were very small Such a 
phenomenon would shorten the time at 
which an observer could classify these cells 
as unlabeied and this would probably in 
fluence the «]ope of the cun c only to a small 
degree 

F StohUiIav Ja 4s Dr Bond men 
tioncd bbeling with tntiated thymidine is 
not 1 tracer type of cvpcruncnt m the usual 
cense of the word 411 cells are not labeled 
but onlv those m DNA synthesis I assume 
the labeled cells on the a\erage will divide 
at a different time than the unlabeied cells 
Consequentiv one might anticipate that 
there would be waves of labeled and un 
labeled cells which would gradually be inte 
grated if one contends as I do that these 
are not like marclung soldiers The waves 
may or mav not be distinct but tlus un 
even labeling among the precursor cells 
mit,ht affect the downgrade of thecunc 

Secondly if one envi ions several divj 
sions between the precursor cell and the 
final end product and death of cells occurs 
at the my cloblast stage the number of dm 
svons mu t be increased several fold over 
what would be needed if a inctomvelocytc 
died There may be only 1 or 2 per cent of 
the total marrow cclb dving If these are 
all mature cell the death process is not 
verv significant On the other hand if death 
occurs amongst the crvthroblasts ormvelo- 


blasts then the number of divTSions by the 
pnmitive proliferative cells must be m 
creased substantially and the rate of dilu 
tiem of the label will be much more rapid 
Thus of two neutrophils entermg the 
penphcral blood one may be a fir«t genera 
tion neutrophil and the other a second or 
third generation cell 

H M Patt In reply to Dr Stohiman a 
comments there is a suggestion of a cyclic 
pattern of mcrea«e and decrease of labeled 
neutrophils in the tw o dogs that hav e been 
studied at frequent mtervals durmg the 
third and fourth days after H* thyTmdinc 
injection The peaks are «cparated bv lo 
to 20 hours which is in good agreement 
with the approximate mean generation 
time of myelocytes These findings are re 
ceiving further attention m present cvpcri 
ments 

\ B Everett In reference to Dr 
Kelly’s work I would like to mention 
another thing which I think is «igniflc3nt 
In plotting out the percentage of labeled 
cells ID hours rather than in davs wc noted 
that the labeled large lymphocv tes reach a 
peak fcJativclj soon Then we get a cv cling 
of the labeled celL the large lymphocytes 
first and with time the peaks getting 
higher T1)C medium lymphocytes behave 
similarly but their peak comes later Then 
the «mall lymphocytes peak comes later 
still This same cv cling continues for manv 
davs The intensity of labeling is less with 
tune which 1 thinkisvery significant Also 
wcmu«t consider the degree of reduction m 
our emul’uon since the gram counts will 
become more significant in interpreting the 
data 1 would like to cite one cvample 4 
maxunum of about 7 per cent of the hm 
phocytes are labeled one day after thvmi 
dine One month after th\Tm<iuic in a 
single guinea pig we found about 2 per 
cent of the lymphocytes labeled However 
the intensity of labeling w as only a fraction 
of tliat seen m the same cell tv pe at earlier 
stages Only occasionallv do we bump into 
a lymphocyte of the small varutv that has 
more than a moderate labeling at the end 
o{ a month 

T E Harris I was intere-ted m Dr 
Bonds curves because the increase and 
then decrease of the number of labeled cx^Ils 
seems similar quahtativelv at lea«t to the 
situation that is observed for certain tvpes 
of particles that occur m the nucleon com 
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ponaits of caNmtc ra\ sho«(.rs To the 
cxttnt that the rell plicnomenon is due to 
the dilution effect caused bj dux-ion of 
cells it Kceraa to me that the mcchaiusm is 
somewhat similar that u in the case of the 
eOMiuc raN? % particle which has «ome 
energy has a collision and causes two new 
jiartulcs to ansc, so wc might as well sa> 
that the original particle is dm leiJ m two 
Thecnergj of theonginal particle is shared 
between the two new ones which then go 
on to share their cnergj among more jiar 
tides and so on If we plot the number of 
particles haMng cnergj greater than some 
fixed lex el irc get thus ascending and dc 
scrndiDg rune I gather tliat the dilution 
effect IS not adequate to explain cntircl> 
the (urxe. in the biologic sitiuition but per 
it would be of “ome interest to appl\ 
the methods! used b> ph\situ-ts for tlie eos> 
mic n\ case to sco ju_t how much of the 
effect one could attribute to dilution 
II Etiusq If about half of the ccIU are 
labeled, and theu about 20 hours later >ou 
getawaxeofunlabcled rell® voumiLtas 
eumc that the<c cells can Ixi labeled dunog 
onh about luH their lifetime then thc> 
dixidc, and each dm ion give® \ou a mvr 
waic of labeled edU Is tins not correct^ 

V I* Bond t think tins dcjiends a great 
deal on the degre-e of cqmuiaticv m the 
population ic what «ort of time du-tnbu 
tionxou gitm time how ticarlj do the cells 
stav 111 stop Dr Patt apparentiv lias 
ob®tr\ed the«c waxc® m the pcnpheral 
blood tte haxe looked xen carefuHj but 
liave not obscned the phcnominon How 
c%er It la quite possible that we have not 
taken samples with suffieient frequentv 
H QdasjTLEB In good squash prcjiara 
tions the number of gniinsovcragiv'en cell 
should be reasoiubl> proportional to the 
amount of label m this ceil Therefore fro 
qucnci distnbutions for gram counts are 
fairl> representative of frequentv distnbu 
tions of the amount of label D ttunber 
at Brookluven lias obtained such dislnbu 
tioi» for erj pt celis She finds a distribution 
with two well separated jieaks about one 
order of magnitude apart The frequencies 
of cells with I 2 3 4 and o grams St a 
Poi&on distribution One might assume 
lliat those few grams are tiue to back 
ground However tins assumption dora not 
account for the large percentage of 0*413 
with no grains at all (even if one a&umes 


that all heaniv labeled cells could con 
tnbutc to the 1-5 gram categone®) Hence 
vve suspect that these cells w ith a few gram 
areaciually labeled do not know how 
ever whether the label is in DNA and if 
whether or not it is associated with 
D\A metabolism not linked to cell divi 
®ton 

Dr Bond s interpretation of the stcepe<t 
part of the upswing of his curve holds 
onlv under ®tcad> state conditions It docs 
not hold if there are v inations m the rate 
of driiverv of labeled cells into the blood 
Such variations could be due to dmmal 
variations m the release of colls in general 
or to a mi'ong pool in tlip bone marrow 
from which mature ceils are released If 
such variationsevist Dr Bonds method of 
checking for appearance of labeled celU m 
the penphen is hound to pick them up 
The trouble is tliat such an effect would 
jneld an overestimate of the atewiv state 
rate of entiy of labeled cell® and thus m 
validate tlie interpretation that the «teep- 
c<t part of the curve is nccc^sanlv a lower 
bound of this rate 

\ P Bond I think tliat the upper limit 
(longest tunc Ed) for the tumotcr time 
of blood elements den; id from our anal) ®ia 
IS mdcjiendent of the considerations Dr 
Quastlcr mcBtioucd prov idod that the ^i-s- 
tem IS reason3bl> clove to bung in a steadv 
state H we treat tnlmm lobel^ tiii-oudine 
as a traier and lalieled cells enter a com 
partmeut at a certain rate this must repre 
sent an upper limit for the rate (dowest 
rate £d ) of movement of all cells into this 
compartment Cells muvt be tntenng at 
least at thi» rate and m the steadv «tate 
must t )0 Icav mg at a similar rate Tlie turn 
over tune we denve from thia is an upper 
limit the true value could )>e considerably 
levs Three mdependeat groups Iiave ob 
tamed a vinular cun e for the appearance of 
labeled granulocytes in the peripheral blood 
in throe different ®pccics It is ixissible that 
a steady state as » c usually think of it docs 
not apply and that the production of cells 
instead of being a continuous process o<- 
curs only atmtcrvals perhajis at irregular 
intervals There may be a diurnal variation 
The fact that the «ame curve lias lieen ob¬ 
tained under different conditions leads me 
to bdiev e that if there is such an effix t it b 
minimal and tliat the valufc> wc derive 
probably repre«entavaluevtrj clO'Ctothe 
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upper Lrrut for the tumo\ er times for the 
cell tj pcs considered 

H ^ ON Foerster \s Dr Quastler has 
pointed out if one drops the as&umptioD 
that all cells beha\e e\actl^ alike the cx 
pectedoufputisnoloDgera«harpl> dehocd 
step-function but ma> a:»umc the shape of 
a «mooth cun e This 'hape is defined not 
oiilj bj «onie mean values of certain 
characteristics of these cells hut also bj the 
waj these characteristics are distributed 
amongst the cells assuming different 
dutnbution functions the shapes of the 
rcsultmg cunes may change drastically 
Since ne do not ha\e any particular idea 
about the processes nhich arc responsible 
for the lanations of our cbaractcnsUcs nc 
are pretty much in the dark with respect to 
the choice of a dutnbution function nor 
mal log normal linear etc By a lucky 
choice of a particular distribution function 


«e may obtain a good agreement with data 
obtained from a particular e^penment The 
question which remains to be ansnered is 
of course Do we now adequateli describe 
the facts or are ne jUat skillful in jugghng 
up flexible equations which happen to fit 
our pomts^ In this conte\t I would like to 
point out that m many instances nc can 
obseiNe only lery small samples of cell 
populations bmcc it is not too absurd to 
behese that the microactmty of the whole 
organism is not ngidly synchronized it 
would not <urpnac me if in a single expen 
meat «onic unexpected local burst in 
productiNTty produced little humps in tl e 
output cur\cs Probably these humpo 
would straighten out if hundreds of «uch 
experiments were earned out u^mg of 
course exactly the same rats—if one coul 1 
get them 



Section IV- Studies on Leukocyte 
and Platelet Production 

L M. Tocantinst Chairman 


Ciiculation Time aud Fale of Naturally (Alkalme 
Phosphatase) aud Fluorescent (Ataluine) 

Labeled Granulocytes 

By George Brecher \nd Jimes C Peoev, Jb 

'C’ROM THE SUCCESS of the traiufu'sion technics m the measurement of 
red cell life ^pan one mn> justifiably generalize Uiat the life 'pau of a given 
cell type can be readily c'^tabhshed by transXusion of viable and identifiable cells 
into a compatible recipient Unfortunately viability and compatibilit} of blood 
cells are be^t defined m terms of normal survival ui the circulation For measure 
meiit of red cell survival b; tran«fuaion this is no handicap because the uotopic 
me uurements of Slicmm and Rittenberg have established the normal red celt 
life «pati quite mdepeudently of transfusion expenments In contrast all attempts 
to date at measurmg white cell life span by transfusion suffer from our inability 
to be certam of normal vubility of cells and coropatibibty of donor and recipient 
in the alxence of prior knowledge of white cell life «paD However since incom 
patibility and reduced vnabdity can be presumed to "hortea cell life span an> 
results from white cell transfusion expennient}* m'ly at least be considered as 
miiumum periods of normal leukoc> tc life span 

The classical method of identifjing donor cells m the recipient Ishbys 
method of differeutul agglutination is inapplicable becau<^ of the impossibility 
of identifying blood group antigens in white cdls by currently available methods 
Therefore some other method of idenfiRcdtion of donor cells or artiScutl Isbeltng 
of the donor cells must be used Differciitiatiou of granulocytic donor cells by 
their content of alkaline pho^phata*« and atabnne labeling of white cells will 
be briefly renewed as examples 

\tabnne (quimcrme hjdrochlonde) has been reported as a satisfactory label 
for granulocytes by ^Vhite^ and by Lissac and associates * These authors claimed 
that the white cells are made permanently fluorescent by m vitro and in vno 
exposure to atabnne and that the tag is not removed by repeated washmg or 
lost from circulatmg celU The circulation time of tagged white cells was reported 
as 40 to 00 nunutes ui both rabbit ind man, whether m vitro or m vivo hbelmg 
was employed The similarity of curves after in vum and m vitro Ubelmg ap 

From the Nationa! In tilutes of HcaUfa Public Ueolth 'Service U S Department of 
llealtli Educat on and Welfare Bethesda Md 
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pcared to exclude major damage to the cells bj the procesa of transfusion itself 
Sequestration of manj transfused cdls* in the pulmonarj circulation nas re 
ported mth subsequent shift of the«e cells from tlie lung to the «pleen, where 
they reached a mfiximnm at 4 hours Because the total life «paii of onlj 90 
mmutes appeared unlikely to Liasac m view of aiailable isotopic data he con 
eluded that these represent circulatioa times and po tulated that the cells mu«t 
be m equilibnum with a large extra\ascular pool 4fter dilution m this pool 
estimated at oO to 100 tunes the number of circulatmg white cells the chance 
of «pottmg labeled cells among tho'^ re-eotenng the circulation would be only 
2 per cent even though all circulating cells were ongmallj labeled It occurred 
to us that repeated injection of atabnne say lo one hour intervaL “hould allow 
us to label ■'ucces-ive crops of white cells re-entenng the cucuhtion Vccumula 
tion of atabnne in the plasma was not expected because Lissac mdicated that 
complete plasma clearance occurred in 10 mmutes It was considered that a 
rcadilj measurable level of labeled cells could be achieved after 10 injections 
e\ en if the pool w as 100 times the me of the circulatmg white cell compartment 
Our inabihtj to reproduce the data of Wlnle and of LiSsac et al on normal 
cells (table 1) was disappointing We confirmed that veiy heavilj labeled cells 
can be washed three times without an> apparent lo&s of fluorescence However 
with additional wa hing or imtial hghtcr labeling of the cell# a lo«s of label is 
readily seen The ‘•upematant from the third wa«h still retains the ability to 
label frc«h cells even though the original libel was quite light Addition of fresh 
cells to thnee wuhed labeled cells results in trail for of the label to the fre«h 
cells m o to lo mmute depending on the intensity of the onginal label 
In our experience lud m that of Kosenow * atabnne principally labels the 
granules in the neutmphiL although we cannot exclude a much lighter labeling 
of the nucleus W e could not confirm that atabnne is pnmanly a nuclear label 
as chimed by others This last point is particularly perturbmg smee it would 
suggest that our technic has been at variance vvith that of others Fortunately 
through the courtesy of Dr White wc were able to obtam a sample of the 
atabnne used m his «tudie« Its spectral ab-orplion curve and behavnor m m 
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%ntro and m \ivo expenmeuts ’a ere identical mth the atabrme generously supplied 
to us bj Wmthrop Laboratories The latter was m the form of a stcnle powder 
and was used for an m vi\ o experiment in one of us Following the intrax cnous 
injection of 100 mg of atabrme, lU circulating granulocytes were labeled The 
intensity of the label gradually dimim^cd oxer sexeral hours At the end of 
four hour , 100 per cent of the granulocytes were still labeled, though rather 
weakly so Continued tcqiosure to the iiltrawolet light would blanch the fluores 
cence m some celh so that in any given field a vary mg percentage of apparently 
labeled and unlabelcd cells could be artificially produced 
We must, for our part fretfully dismiss the fluorescent labeling tcchnie 
with atabrme because of the gradual loss of label—quite apart from the subse 
queut blanching under direct obiicnatioii in UV hgbt which we only mentioned 
because it might conceuaWy account m part for the results of Lissac and of 
^^^^te As the label fades longer observation of each field m the may be 
needed for identification, thereby blanchmg mdindual cells and artifically 
mducmg an appearance of mcreasing numbers of unlabded cells 
The use of alkaline pliosphata.se as a natural label was prenously reported by 
us * Rat granulocytes which contain alkaline phospliatase, were transfused mto 
mice whose white cells are devoid of this enzyme The experiments were under 
taken not so much m the hope of estiblishmg nomui life span, since the donor 
and recipient vrere clearly incompatible, but rather m the hope of tracing is 
tissue sections the large number of granulocyte# tliat never circulate, as indicated 
by previous transfusion evpenraenls m dogs ‘ 

By using the \raC s of several large rats for a single mou«o experiment, the 
recipient's count was elevated temporarily up to 40 000 per cu mm Even this 
high level of circulating cells howeter, represented only 20 per cent of the total 
cells transfu«!ed Of this 20 per cent, a high proportion circulated for 'several 
houftp, and a few for a# long as a day (fig 1) Sequestration in the lung during the 



Fig I —Survival of rat granuIocyfesftdlomngiofwMoninto toice Survival expressed as 
per cent of injected cells (positive dk idiosj Batate) (Repnotel from Brecber et al 
Problems of leueocite transfusions ^ctabiemat iO !i9 IOjS) 
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first hour was evident from the large number of alkaline pho phata«e positive 
cells m capillaries and major \es..els After two hours, the pulmonary accumula 
tion of positive cells had disappeared, and onl> a few cells could be identified 
in Iner and spleen In the liver the few identifiable rat cells were clearly intra 
vascular In the «pleen their number was equally low, though mtravascular and 
extravascular locations could not be differentiated with certamtj In the other 
tissues, mcludmg lymph nodes, alkalmc phosphatase positive granulocytes were 
extremely rare Contrasting this to the early accumulation in the lung, and 
considering that the total count in the periphery contmued to drop the conclu 
Sion appears warranted that huge numbers of transfused cells are destrojed 
without a trace ^Vhether this destruction occurs mtravascularlj or not is impos 
sible to say We are inclined to thmk, however, that cells leavmg the circulation 
are immediately destroyed smee we could never identifj alkalme phosphatase 
positive cells extravascularlj The single exception to this was found m a pen 
toneal exudate, artificially induced by introduction of large volumes of nutrient 
broth A small number of alkaline pho-^phatase positive cells ippeared in the 
exudate The‘« cells were capable of starch phagocyte is The percentage of the‘-e 
cells was alwajs smaller than that in the peripheral blood suggestmg that 
emigration from the blood is not random or that the rat cells are shorter hv cd 
than the mouse cchs, once they leave the circulation Conceivably new cells 
freshly released from the marrow are the fii^t to go to sites of infection as 
suggested by Flock * 

In summar}, the fluorescent label, in our «tudies has proved an inadequate 
tag The naturally labeled rat cells survived m mice for up to 24 hours On 
infusion of huge numbers of these celb, only a small fraction could be traced 
It IS suggested that the body has a great ability to dcstro> w hite ceils particularlj 
extravascularly, with the exception of Mtes of inflammation The limited scope 
of incompatible white cell transfusion is stressed 
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An Analysis of Lcukocjtc Kadioaclivity Curves Oblaincd 
with Radioactive Diibopropjlfluoropliosphale (DFP'**) 

By V M Mvci.R, J W AniiAS, U II Hllln 

VsuENRRCiCKER, G E CAimtRKfUr VNO M AI lAivnjoub 

nPHC RUVCTION of dusoprup>lfluoropiio^pliatc (DH^J with the imino acid 
group that fonus the reactive center for M:\cril enzymus is '■howai in figure 1 
The Dri’ molecule forms in irreversible bond with tjioc ciizymis, ri.Ieas)i)g IIF 
and yielding a diii^propylpho'-pJijtc-enzynie molecule Wien the enzyme is 
broken dow-n, dinsopropylpliaphale (DIP) i» relcai'cd DIP is noiir»-ictnc and 
is promptly excreted 

The jrreiertibihty of the bond and the lack of reutiljzilion of tlie breakdown 
product su^e-ted the use of this molecule when taj^d with P^, a* u cell I ibcl * 
We hue been concerned wath tlie use of Dri*“ os n graimlocjle lalicl Thu. tan 
be done if certain criteria ire met First -nice the cuzy mes th it arc liound liv 
DFP arc pre-cut ui red cells pU^roa and pUttlels, isolation of the Icukocyits 
must be corapkte Second of the Icukocyits m the blood only granulocvtes 
mu«t label to a significant degree Fmally there -hould be no mci>unble elTcct 
of the DFP on granulocyte function m the conccntritiou uved to laliel the cella 
The evidence that (hc-o enteru have been fulfilled lias liccn pre-tnted ’ 
Gnmilocyica h ivt been labeled lioth in VIVO and m vitro by DhP® In viio 
labeling has been done by the mtnvenous injection of DFP® GpJnuloc>tc^ arc 
labeled in vitro by dnwang whole blood into plastic big> with VCD '•olution os 
an anticoiguhnt and incubating the blood for one hour with DIP* Hit Libeled 
blood IS then returned to the -ubjcct TIic mcthod’> for isoUlion of tlic IcuLocy its 
and dctcmiinition of theu- radioictivilj have Ixcn described ^ 

\ rcprc'cntalivo leukocyte radioactivity curve obtamed after ihi uitnvenous 
injection of DFP" is -bowai in figiin. 2 The lower curve rcprcKaits ihc ndio* 
actmtj isCPMpermg of kukwy to nitrogen Ihcuppcrcurveisdrawnthrough 
the logarithms of the leukocyte nUmictivitic- 
During the fir-t two days dter the uijoctioii of the Dl P*", there is a njiid 
dccrciM; in leukocyte radioactivity (pIioM, I) The leukocyte radioictiviij then 
remains fairly con-tant until the Hth diy (pliox, II) V final deen lic in ndio* 
activity (phi-e III) followfc Hv olxmt the 2Uh diy, no ridioictivity tin l>e 
uiLOSured m tlit Icukocy to -vainplts 

Tht re ulls obt lined m two -ubjccts ifter tn vitro labeling of (htir granulocv Its 
irc shown m the lower jwrtion i»f figure 1 Tht kukocyte rkdi<ucii\itit*» arc 
txpre-Kvl IS the loginthmitof the CPM per mg of mtrogtii I or comjwrwm, m 
tilt upper portion of this figure the Jogmilmii of the kukocytt mdiiwctiviUis 
obt luicd dimng ph t-c I, ifltr m vivo labeling of kukocyte- m two -iibjctts, art 

VromlhcDcnartmcnfkot McJicine ivn4 lliy-ic^uKV, Cnucrail^ o( LlahCullczp f MrUi 
cino ivnil the {.alter Dav ‘'ainta IIo<p>tab b.dt loiLc Cit), btiwh 

Ttu iQ^c ligation K>p{iorte4 by rrv.arrb cr<RU lC-2231 a«<i L\ ^ij) him llv* 
NmiodjI Cvurtr lii»tnutt>, a rt-earth zranl (H-SuOT} from lt>« NaUoual ItrarV In*Ut ilt 
and a graduate training loraut from the National Itatituio of Vrtbntu an I Vbt* 

bolic Di-e!i«c», Nationa) In^titutei of Healik, 1. *> I’ut be Heatib Semre 
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Fio 1 ^lodel of the rcoctioa ol DFP nilb tbe aclire serine group of an eQ2}Tae GIv 
Asp and Glu refer to the amiDo acids gl} cine aspaKicacid and glutanuc acid (from Athens 
et al Blood H. 303, 19o0) 


«hown The open circles are the loganthms of the\alue» obtained bj subtracting 
the mean phase II ^alues from phase I 
If the cune obtained after m Mlro labeling is compared with the cune ob 
tamed after m\T\o labeling a clear difference can be ‘een \iitK«l> of the cune» 
makes it appear likely that gronulocjtea id •'ite» other than the blood are being 
labeled bj the m nto method 

To assL-t m the anah «is of the cur\ es, kinetic models w ere «ct up on an analog 
computer and tested for fea«ibility The first «tep nas to define the po-sible tj'pes 
of cell compartments that might be present in anj granulocj-te lonetic model 
These tjiies are represented m figure 4 In this figure the cells entenng the 
compartments are con idered to be uiilabcled whereas tho'C m the cell com 
partments are considered to be labeled maximally at zero time 
A tj^pe I compartment is a «implc, nusable pool of cells that lca\ e in a random 
fashion The radioactmtj expected m the cells commg from this pool after time 
fo would reflect the a\erage radioactmt^ of tlie pool itself and would decrease 
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Ft(t l — Arithmetic an ] Mmilos^rUhmic curves of the Icukoc> (e radioocfivittcs obuiaed 
after the lotraveuou# injection of DFl’’* Lach curve rcprc-jcuts the mean of «evcii ladi 
vidual curves(I-rom Alhcmeta) Ann N V \cjO Sc in{>re»s) 


Tsnz.E 1 —f ompaftton of the In I no Pha$e I v:Uk Ihe 
J)i$appcaranee ef In t »f/c LoMcd CtU$ 
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rOKUULA -JJ— -Ct»l„ y -!- — -rprVoRt>», 

0 FOR t<lj 

Fig 4 —Tj pea of cell compartmeala that maj he pre ent in a granuloc> te hinetie model 

The type III compartment la «umlar to the tj pe II compartment, except that 
there is some degree of random diatnbution of the transit time through the tube 
Thus, after the cells m the tube had been labeled, no change in the radioactmtj 
of the cells leaving the tube would be expected until time ii, themmimum tran it 







VNKLISia OF LEOKOCOTB BADlO^CTIVITi CUHVES 


235 


time The rate of decrease ivould become maximal at tune it , i\hen most of the 
labeled cells i\ere being replaced by unlabelod cells Some radioactivity would 
remam m the cells coming out after this time because of mixmg of laggmg labeled 
cells «ith the uulabcled cells The mathematical expression of the radioactivity 
of cells coming from this pool is gj\ en below the model R is the maximal rate of 
change of radioactivity m the eraergmg cells and occurs at time it 

From the radioactivity curves obtained after labelmg granulocytes with DFP® 
m vitro, certain deductions concerning the removal of granu]oc>tes from blood 
can be made If granulocytes lea\ e the blood in a random fashion, the blood pool 
of granulocytes would represent a type I compartment The fact that the tmie 
course of m \ itro labeled cells falls evpoiieutiallj argues for the vahdity of this 
concept (fig 3) If on the other hand, granulocites leave the blood compartment 
lu a sequence determmed by their tmie of ciitrj, then the blood compartment 
would be type II Smee this model would predict a linear decrease in. labeled 
cells it can he discarded as not compatible with our data Howev er, the possibility 
must al«o be considered that granulocytes are removed from the blood by a 
combmation of thc'^o two methods of removal To investigate this possibility, 
three ’•nch models have been aiialyaed vnth the analog computer, but will not 
be described here Observations made from the»e models suggest to us that 
granulocytes are removed from the blood m a random fashion, cntireli or pre- 
dommantly, mdependetuly of the length of time that the cells have circulated in 
the blood 

rrom tlie curves obtained xftcr the m vitro labeling of granulocytes, informa 
tion cowcenung the return of granulocytes from the tissues to the blood can be 
obtauied The model that is «hovvu m figure o was subjected to computor analyeis 
At a rate of return equal to one half the rate of removal from the blood (it *« 
H'll) the lower limits of the «i 2 e of the tissue pool could be defined Fairapproxi 
mation of the data and computor curves were obtained when Ft was allowed to 
beffrca?ert/«m2 6 times thesizeof the blood pool (Fb) Upperhrmts for the return 



1^2 1/2 1/2 kj 1/2 k ^ 

2 6 Vg 10 Vg V.J, 100 Vg 


Fiq 5—Model for po&siblo return of granuloc>te3 from ti-vioues Tlie tnetliod b> i^hich 
the limits caw be «et for the size of V t for anv Li is shoHit below 
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of cells from tissues cau be defined bj an3l>«is of the m v\\o cune« as will be 
described 

The curves obtained after the m vitro labeling of granuloc>tes are also of 
assistance m the anal> «is and interpretation of the more complex cun es obtained 
following the m mvq labelmg of granulocytes \s shown m figure 3 and table 1 
the mean half life of the phase I portion of the cun es obtained after m vi\ o 
labeling and the half time of disappearance of m \itro labeled cells are similar 
This suggests that phase I of the in vivo cime is due to the removal of granule 
cjtes from the blood This explanation could be valid if it were assumed that the 
cells m the blood at the tmie of the intravenous mjection of DFP® are labeled to 
a greater degree than the cells in the marrow and tissues This assumption would 
seem to be rcsonable smee it would be expected that the circulating cells would 
be exposed to a higher initial concentration of DFP** Therefore m the analj is 
of the m VIVO cunes in the analog computor we have aSsUmed that phase I is 
explained by the remov al of h ghly bbeled cells from the blood compartment 
On this assumption the imtial relative radioactivity of blood granulocvte has 
been given a value of 100 The radioactivitj of the cells mall other compartments 
has been set at 30 This \ alue was selected because the granulocj'te radioactivitj 
lev els during phase II are about 30 per cent of the uutial value of phase I Models 
compo'Cd of several postulated anatomic and kinetic granulocjte compart 
ments were then constructed and submitted to analjsis in the analog computor 
A composite model is shown in figure C 

Vi Is the pool of mitotically active cells in the marrow The assumption has 
been made that the label m this pool decreases m an exponential manner because 
of cell division and that the level of radioactivitj m the cells leaving this pool 
reflects the radioactivity of the pool Therefore this l considered a tvpe I 
compartment Cells leaving the mitotic pool (1/|) enter a maturation phase 
(If 2 ) from which they normally would not be released until maturation had been 
completed Jf* is thus a tjTie II compartment 1/j represents a storage pool of 
mature granulocj'tes m the bone marrow which is readj for release into the 
blood The cells contained m thia pool all being mature are thought to be re 
leased m a random fa hion representing a type I compartment B is the ^anulo- 
cjde pool m the blood The small \ compartment m equal bnum with the 
blood acknowledges the uonhomogcncou^ nature of the blood pool If cquilibra 



Fig 6 —A corapos te graculocytc Lmetto model 
1 \)ii IS equiT^eot to ^ M] m lU effect oa the shape of the curve 

M IhM and Mt present onlj the sum of\ii, and\iii laffuence the curve 

3 The upper I nut of Vx and is 10 \ b if ht 0 

4 The in vitro curve end phase 1 of the in vivo curve define the lower limit of \ r tor a 
given L] 

5 The upper limit of t t is defined b> phn-^ III of the m vivo curve for a given Lt 

6 \3 \ T increases \hi and tiiy mu^t decrease in & ze 
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t ion ere rapid bet\s cen colls ui the circulating blood and the marginal population 
of gnuulocytes>de‘>cribed by Vejlei)'5,‘asueUa3vnth other poaMble intrava'icular 
pools ui the spleen, lungs, etc, the mam effect of tbi> “X” pool uould be to lead 
to underestimation of the size of the population of blood granulocyte', since 
only blood %olurae and granulocyte concentration are measured Finally, T is 
the possible tis&ue pool of granulocytes that may be in equilibrium uith blood 
granulocj tea 

By setting up % iriatioiia of this basic model on the analog coniputor and 
compatmg the results \\nth the m vi\o data curve, certam generalizations have 
been made concerning the nature of this granulocyte kinetic model Thc'C 
genersUizatious are given m figure 6 \codles>s to ‘»a>, the vahditj of the model 
depend* upon the validitj of the basic assumptions already stated 

One of the most mtere'tmg ob'crvations drawn from this analj -is is the limit 
that can be set on the amount of granulocy'te return from tissue* to blood Using 
anal) "jis of the m \ itro cun e and the lu va\ o cun e to set limits for the «i 2 e of the 
tissue pool and the rate of retum, is expressed m generahzatioos 4 and 5 of 
figure G, a maximum return rate amounting to 0 3 of the rcmoi al rate is found 
to be compatible uith the data curve* 

If a typo III compartment replace* the type 11 compartment that ua* used to 
rcpre*CQt the marroiv maturation phase m the pre\ lous model, a fit can be ob 
tamed with the data curve, even if no labclmg of the mitotic pool i* allowed and 
the marrow storage pool is disregarded Tlie standard deviation of random 
distribution about the mean transit tune through the compartment had to bo 
two days This model i* shown m figure 7 The bottom curve repre«ents the 
random distribution of transit tunc through the compartment The middle curve 
IS obtained from the coniputor model, and upper curve is the data curve 

So far It lias not been pos'^ible to construct a more exact granulocyte kinetic 
model from the DFP“ data thin that presented in figure D, because of lack of 
information concemuig the degree and extent of marrow labeling In the near 
future, it IS plauned to use tnlium labeled DFP Demonstrations of the exact 
distribution of DFP within the granulocyte senes should be po'saible with 
radioautography of marrow and blood sample* lYlth this mformatiou, ehmina- 



Fig 7 —tjpe of granulocyte kinetic model (wth typo III compartment) wiih random 
distribution m the maturation phase The computor model curve is conTpared uith the 
la rivo data curve The ‘standard dcviatioa ol raodoua distribution nas set at l»o dajs 
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Fig 8—The simplest gTanuloc>te kinetic model (model T ) by which the analog com 
putor curie can be made to approximate them vivodata curve 

d Ciii ki Cii| 
dt ” ka, 

2 Caj (out) = Cat (initial) for t ( t| 

3 Caj (out)» = Caj (in)(t->i> 

d Cb kj ^ ^ 

4 — ' “ ;— [Cb — Caj (out)] 

dt Vb 

tion of '^teral of the present modeU shoult] be po^ible, and a closer appro\inia 
tion of the actual granulocjte kinetic mode] maj result 
\\ith granulocj'te kinetic models, calculations of ccrtam kmetic data can 
be made To demonstrate the Ij-pe of informatton that can be gained from 
analjsis of the DFP“ cune b> means of a kmetic model, the suuplest workable 
model wall be used as an example This model, with its defining formulae ts 
shown in figures The de«ignation ‘ T” is emploj cd to «ugge t that justaswath 
the early Ford car«, when more mfonnation about the mechanism is obtained, 
more and better models wall follow 

In the analysis of the DFP** in \n\o data curve b> this model, phase I repre¬ 
sents the rcmotal of blood granulocytes, and because no return of granulocj’tes 
from tissues is allowed, this is equal to granulocyte tumoxer The granulocyte 
tumoi er, in turn, represents production m the «teady «tatc Pha«e II is the tmie 
necessary for transit through the maturation lube The «h.ipe of the curve in 
pha«e III IS influenced in this model by the rate of granulocyte tumoi er through 
blood and the decrea.se in radioactnity because of cell di\L.ion m the mitotic 

Table 2 —o/ of Modtl T 

Phase 1 

Ti^ = 64 hours 

Graautocjte turnover time id blood » 9 4 hours 

Number of times the blood granulocyte population is turned over per day = 2.0 
Calculated numlier of blood granulocytes = ^ X 10* 

Number of granulocytes turned over per day >= 62 5 X 10' 

% of blood granulocytes turned oier per hour = 10% 

Phase II 

Duration = 11 days 

Time '^pent in maturation tube = II days 

bize of maturation tube = 7T a X blood granulocytes — GS7 5 X 10’ 

Phase III 
T = 3 days 

Generation time of mitotic pool = 3 days 

Size of mitotic pool ** 7.o X blood granuloev tea » 1S7 o X 10* 
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Tablb 3 —Comparison Granulocple Kinetic Estimates 
(Erpreesed at Cellt X t^/Kg Body B f} 


Cells Ftoduced 
PerDsy 

Total ilarton 
Population 

Mitot c Pool 

0 good 


2a 7 

■4 3 

Patt 

3 6 

S 3 

1 4 

Donohue el al 


11 i 

2 6 

DFP» (ifodel T ) 

0 9 

12 0 j 

2 7 


pool Because of the rapidity of cell turnon er through blood, the ‘^lope of the hue 
IS uiflueuced pniiianl 3 the effect of cell d»Tsioa in the mitotic pool Thus, 
assuming phase HI to be a simple exponential decrea*^, bj mcasunng the half¬ 
time, one obtains a fair approvimation m this model of the doubling tmie m the 
imtotie pool 

Wth this model, the kinetic calculations presented m table 2 were obtained 
Comparisons of these calculations with tho«e of 0 good,* Patt,* and Donohue 
et a! * are 'Jiowm in table 3 

Obviously more work is requwed to define more e\act)> the grauuloc> te kinetic 
model and its relationship to the DTP** data Honeicr, as demonstrated bj the 
analj «is of the simple model presented abo\ e, one maj expect to obtam i aluable 
data concerning granulocyte kinetics in normal and pathologic conditions when 
these definitions hai e been established 
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the aihanUkge that Uiey can be done in ml samples of bhxd from subjects with a 
normal human subyiets. Less than 200 jm norma] total leukocy te count an. ideciuatn 
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to determine radioactmtj and total m 
trogen content ^^lth the simple plastic 
scintillation counting method nhich Drs 
Athens and Mauer ha\c dei eloped it is 
possible to work with an cfBciencj of 7o 
per cent for phosphorus There are prob¬ 
lems that ha\e not been mentioned Red 
cells label more highlj than do Icukoc^-tes 
Platelets label as well, and the red cells 
and the platelets must be “eparaled com 
plctelj from the leukocjtcs Dr Athens 
deceloped the combination dcxtian Ijso 
lecithin method for making this <eparatioo 
and u e ha\ e detailed studies indicatmg that 
there is less than 2 per cent coRtamioation 
with radioactivity from red cells and plate 
lets Secondly we iiavc been unable to un 
toicr any cndence to indicate that there 
IS elution of label from the granulocytes 
Thu of course isnottosay thatitdocsnot 
elute Another consideration is that the 
label damages the granulocytes The phago¬ 
cytic actmlv motilitv and respiration of 
leukocytes exposed to wide rangesofDFP* 
concentration both lo vivo and in vitro 
tme been unaltered 

It is indeed fortunate for I behevc 
that the lymphocvte docs not label sigmfi 
cantly mth DFP The amount of r^io- 
activnty in lymphocytes is inaifhcienttoin 
Sucnce the granulocvte curves 

I would like to emphasize that following 
m Mtro labeling the«c cells ato removed 
randomly and that the rate of removal is 
rather rapid The «miilarit\ between the 
rates of remov al after in \nv o or in vitro 
labeling would seem to argue against the 
povaibiLtv that the granulocytes have been 
damaged dunng the process of handling 
Indeed wc have handled them nctt at all 
except to draw them into a plastic bag 
put the DFP’’ m the bag and then retrans 
flue 

Finally if there is no return of leukocytes 
from the tisaues we have no method avail 
able for ‘tudy mg the sue of the tissue pool 
No matter what label one u-es if Ihcpe is 
no return from the tissues then that aun 
lurtmcnt is realh out«idc of the model 
being studied Acconiinglv the best we 
could do w ith the help of Dr Homer AA ar 
ner is to set limits on this pos. ibility assum 
mg return and no return 

Perhaps I should sav tliat our model T 
should not be taken senously It is of 
course, our racut modem model but I think 


it IS fair to tell vou that the survival 
tunes of the many models which preceded 
it were rather short 

F SToninuv Jr. AATith the apparent 
differences m the blood transit times ob¬ 
tained with thvmidine as compared to 
DFP® the problem of elution liecomes im 
portant AAe and others have studied red 
cell surviv-al using DFP® as a label In our 
studies in dogs we ob^rved a biphasic 
curve with an initial rapid disappearance 
of radioactiv ity similar to that ol^rv ed by 
Dr Afauer m granulocytes AA c had smular 
resultsnhcn we labeled cells mvutro AATien 
the amount of DFP administered (m vivo 
or ra vitro) was less than 0 1 7 per tc of 
red cells the initial fast component of the 
curve was not seen 

Lsing a double label DFP“aDdCr® it 
was tdiscned that cell survival measured 
by Cr” was normal but the DFP was lost 
AVe concluded that the label was eluting 
rather than that cells were dying In view 
of this cxpenence together with (he dis¬ 
crepancy between H* and DFP® granulo¬ 
cyte data might it not be worthwhile to 
cite vour evidence against elution «o that 
each person might evaluate it for himself* 

A M Mvcer Obviouslv the problem 
of elution IS important In our procedure 
theleukocvtc button, obtained afterdextran 
scdunentation and hemoly is of red ceils 
with lyvolecithin is washed four times m 
cohl isotonic saline If there is clutible 
DFP m the leukocyte it is probably re¬ 
moved at this stage In anv ease further 
washing of the leukocytes docs not remove 
any more of the radioactiv it\ AATien iso¬ 
lated purified leukocyte samples were 
treated with trichloracetic acid all of the 
radioactnity was recovered in the protein 
precipitate Labeled leukocytes have been 
incubated m vitro and insignificant 
amounts of radioactivnty have been re¬ 
covered m the suspending m«lia 

In addition to the enzvmcs m the red 
cell which irrevcreibly bmd DFP another 
enzyme fluoropho«phatase has been dc 
senbedwhichhvdrolyzesDFPtoDIP The 
losa of DFP® from r^ cells mav not be due 
to elution from the irreversibly bound en 
zyme*' but to hydrolyeis of the compound 
1 ^ fluorophosphatasc 

AA hen whole blood is labeled in vutro and 
then tramfuscd back into the donor the 
radioactivity m the leukocytes i-olated 
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from the expcnniental subject «]ccrcaaes in 
an CNiwnenlial fasiiioa If both oiution nmj 
removal of labekd granulocjUs nere re 
‘•{lonsiblc for the decrease m radjoactivitj 
a bjphasit cunt such as jou have de 
scnbciiforrcdttllsmjghtbc expected This 
is not the fast Thua bv several different 
types of txpenmeuts we have been unable 
to (kmonstriitc that elution of the label » 
of any concern m our experiments 

F Stoiilman Jn If you vary the 
imounts of DFP in y our incubation mix 
ture while keeping the number of white 
cells constant is the rate of tht lohs of 
radioactivity altered? 

\ M Maueh We liavc varied in vitro 
do''C& of DFP” fri m 01 to 10 7/ml 
W itlun this range tiie turves hive the same 
shape and Amounts of DFF varying 
from 0 5 to 3 0 mg fiav e been admmi'^tered 
to normal subjicts without influencing U t 
di'appcarancc curve 

L E OaGooQ A crucial expenmeut 
might he tlone in mice You can get great 
numbers of leukocytes from the peritoneal 
cavity of mice Theso could be libeled m 
VIVO and transfused by a Icchiuc similar to 
that of Govvana into isologous mice that 
have not had label Then the rato of ac 
cumulation in tissues could bo determined 
Of they could he injected rntrapentoacalfy 
and the rate of appearance in the blood 
stream determined 

E P Cronkitc If one gives an amouut 
of irradiation suilicicnt to endicate new 
granulocyte production it takes at least 
five days to get ncl of the granuJocytrs I 
don t sec how tins is compatible with Dr 
"Mauers obscnations 

A M Mauer Follonmgthedcstruttjon 
of the proliferating granulocytes m the 
marrow the number of granulocytes in the 
blood would not be expected to decrease 


uatal tile cxi-tmg store of maturing and 
mature granulocytes in the mirrow had 
been ctliaustcd Thus this tv pc of exjieri 
roent would mea-urc the time required to 
deplete botli blood and marrow stores 
n M Parr bevcral years ago Dr 
Cruldock* camed out studies with leu 
kopbercsis in X irradiated dogs andweu'sed 
a leukocyte antiocnim in similar expen 
menta.* The cvpcrimcnte showed rather 
convinciugfy that there was a considerable 
store of relatively advanced neutrophil pre 
cursors Tins store was progressively tie 
plctcd Over several days after irradiation 
owing presumaWv to the block in new cell 
formation 

I would like to comment on Dr Stohl 
man s mfcrcncc to the incompalabilitv be 
(ween the tfiyraicfmc da(a and (he DFP 
results jiis>t presented I realize we ire com 
paring dog an I roio However from tie 
mfonnation tiut we presented Using tnt* 
latcd tiiymidiae we su«pect that in the 
beagle d^ it least the turnover or disip 
liearancn time of granulocvtci ix of the 
order of G to 6 hours which is m the same 
range ai the figure that Dr Alauor obtained 
with DFp» m man 

J "'I koFFEV t\ e find that mature ueu 
tropUils stay ui the marrow up to IS days 
which bears out Dr tiaucrv ob crvatioijs 
Wliy they don t leave 1 don t know 
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Control of the Steady State Proliferation of Leukocytes 


By CiuRLEs G Craddock, Jb , Se^mocii PERBi 
AND JoH^ S Lawrence 

*^11E DEMONSTR-VTION of humoral factor{s) reguhtmg erytliropoieais, as 
descnbed by Ei^lev and others maj have implications e\tending far be} ond 
the subject of erythrocyte production It is probable that ^similar lines of com 
munication control the rate of proliferation of other grmnng tissues The «ignal 
for accelerated production is la re ponse to an uicreased demand for celL this 
result from loss or destruction of a portion of the tissue inv oh cd or from 
need for the particular ti^saue to increase its functional capacitj It might have 
been anticipated that «pecific humoral factors affectmg the rate of cell produc 
tion would be first demonstrable for erythropoiesisbecau e of the refined methods 
av lilablo for dctectmg alterations m red cell mass production rate and life «pan 
Quantitation of leukocjde kinetics r» far more diificiilt It i* obvious that the 
detection of specific factors controlling proliferation of leukoc>tcs and platelets 
must await such quantitation 

Changes m circulating leukocjtc levels do not necessarily reflect alteratians 
in production rate and, therefore, additional entena are needed to asse&s produc 
tion The mjnad nonspecific factors that may influence blood leukocjte levels 
are too numerous to requu« discuswion In order to a«cnbe a specific effect on 
leukopoiesis to a given agent the following must be shown (I) The agent must 
not exert any nonspecific effect such as uiflammation or alterations in vascular 
dynamics That is it must not change the rate of removal, destruction or 
utilization of leukocjtes in the periphery 'ince loss of leukocytes in it^'clf will 
stimulate production * (2) The effect of the agent mu«t be an undisputed altera 
tion in cell production The parameters of leukopoicsia are crude at prc'^nt and 
con<ist chiefly of long sustained leukopenia or leukocytosis and morphologic 
alteration in the proliferative organ (marrow or bmphoid tissue) -kcute fluctua 
tions of peripheral blood leukocjte numbers even of considerable magnitude 
can occur without anj change in the rate of proliferation * (3) The agent mu t 
evert its effect directly and not through some alteration m the entire bodj s 
hormonal balance The vvell established effect of adremi steroids on ljrophocj"te 
proliferition, for eiample, can hanUj be de^nbed as '•pecific although the 
changes in Ijmphoid tis ue after steroid administration may be more marked 
than m others 

The purpo'^e of this paper is to discuss sinic of the features of leukocjte 
kinetics that must be considered in the ‘oarch for factors controlling leukocjte 
proliferation The mechanisms of control will only be bnefij mentioned 
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ha\e migrated into extracellular «pace^, or into the lumen of Nanous hollow 
organ's thu remains to be pro\ed That such may occur to some extent may not 
be denied, but one cannot assume that the blood grauulocj'te population ex 
changes equallj inth the^e extraxascular cella 

The endothelium of the capiUancs of \an 0 u 3 organa reprc'seuts a dniduig 
Ime betueen intraxascular and extmxascular granulocjtes, migration throu^ 
the endothelial 'surface occurs contmuou~I> Viable granulocjtes that are ad 
herent to the endothelium maj either go through or be released into the passing 
blood 'Stream The ratio of the number adhering to the number moving through 
the capillary "nH la unknoirn and lanes with a host of factor® pnncipally the 
chemotactic forces outside the capillary and the rate of blood flow pressure and 
properties of the fluid medium within the capiUary Assuming that the ratio is 
•stable m the steady state, the number migmtmg out will bear a direct relation 
'ship mthin limits, to the number of cells mthm the capillary /imbnis and 
Ambrus haie shown that a certain mmunum number of granulocytes must be 
perfu'uig the lung before the organ remoaes cells from the perfusmg blood * If 
the perfussale is cell free, the pulmonary capillary bed will release cell to mam 
tarn a certain mmimal leukocyde level, but this supply of cells which can re-enter 
the perfuming blood i» rapidly exhausted If, on the other hand, there is an excess 
of cells (le , more than the nutumal leukocyte lex cl of about 1000 per cu mm) 
m the perfusing blood the lung wiU entrap cells until the perfusing lex el reaches 
this floor ” The remoi al of excess cells may be continued to an apparently 
unlimited degree and is accompanied by the di-charge of increasing numbers of 
cells into the bronchial «ccrctions 

The granulocytes 111 the circulation must be con'^idered compartmentalized 
ui broad terms into tho®e frech cumulating ui the larger xessels and tho<e in 
capillaty beds Interchange of cells occurs between the«e two compartments 
but the net moxement in the steady stale »from the arterial blood mto capillary 
blood and from the capillary blood into the tissues The length of tunc that 
granulocyte® ®peDd m capillary beds probably vanes greatly m different tis-ues 
Therefore, there may be cells of widely divergent ages in the total circulation at 
any one moment 

Additional evidence for this comparlmcntaUzation of the penpheral granulo- 
cytes IS provided by leukophere is In this experimental model which was 
designed to av oid as much as possible the mtroduction of factors that might alter 
capillary flow, the relation‘'hip between the cells m the central circulation and 
the capilbry beds was quite evudent WTien the number of circulatmg granulo¬ 
cyte's was reduced to a minimum level (about 1000 per cu mm ) a delay of GO 
to 90 minutes was ob'erved before the circulating granulocyte concentration 
began to nsc after termination of leukopheresb This occurred in «pite of the 
continued entry of cells from the bone marrow as shown by isotopic lalielmg 
of the marrow myeloid cells, and could be accounted for only by an accelerated 
distribution of cells From these data a conclu-ion ‘•unilar to that of 4mbru5 
and Ambrus was reached \\ hen maximum leukopenia isinducedbyleukophercsis 
recovery does not begin until a peripheral leukocyte pool has been pnnied 
with granulocyte® This period of about 90 minutes is believed to be the time 
during which the capillar, bed is repleted with a certain minimum number of 
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cells follow itib "luch the circulatmg cell conceulration n ea Bj eatimatiou from 
the rate of ru-c ui circul \tuig cell numben> durug the Imear part of the cur\ e the 
«ize of the cipillarj pool would be about three fourths that of the circulating pool 
before leukophere-^ii assuming that the rate of movement of cells from the 
capilhnes mto the tis. ues remains steadv after the capillary bed has been repleted 
with granulocytes Thus it was calculated that cells were entermg the blood at 
a rate which would replace those circulating every 2 hours, the tune required 
for filhiig the cnpilhrv bed n> 00 minutes 

2 The Moicmcnl of Granulocytes Between Oie Blood and Tissues 

Data have been pre-<;ntcd previously on the use of DNA labeling and have 
been interpreted as upporting the concept of a large intnimeduUarj mass of 
gnmulocj tcs TKl. mass has been estimated by 0 good* to be about oO tmies the 
size of the circulating pool of granulocytes Patt^ amv es at a figure of ‘’6 times 
on the ba is of his calculations Donohue and bis associates* arrive at a ratio of 
20 1 in man on the basis of Fe** estimates of marro r cellularity The term mar 
row granulocyte re er\e has been u cd to denote those cells which are in various 
stages of matuntioa licjond tbepomtof P's A synthesis and subsequent division 
About one txth of the marrow granulocyte popuhtion (mjelocjtes and their 
precursors) are believ ed capable of cell division lu man there is a penod of four 
to sLt days after the admmatralion of the notope before DN V labeled granulo 
cy tcs appear in the blood In the dog this penod is about three diy s This deby 
until the cells* that were capable of a last division when the P“ was admina.tcred 
enter the circulating blood reflects the penod m w hich these cells are held m the 
marrow granulocyte re erve \t the tune the c highly Dbelcd granulocytes are 
ready to move into the peripheral blood the entire marrow population of cells 
IS labeled The uiiHbclcd peripheral pool includes those cells freely circulating 
those m capillary beds and tho e out in the tiscues bodv cavities etc Leuko 
pheresis at the time when only the marrow population is labeled results m 
acceleration of the rate of entry of cells from the labeled marrow pool as howm 
by the <harp nsc in granulocyte D'\A P** m the circulating cells This finding 
was interpreted by us to mean that tbc bulk of cells contnbutuig to the leuko 
cy tOwis after Icukophere is came from tbc marrow Sev eral examples of this hav e 
been given* (figs 1 and 2) One expenment (fig showed a fall m grauulocyle 
DN k P^ over a penod of some 20 hours after the initial peak of specific activity 
and then a subsequent rapid nse on the following day when leukopheresis was 
again in tituted The experiment was interpreted by 0 good as follow Figure 2 
conclusuely shovs dilution l^ unlabded leukocytes from the tissue pool to 
giv*e a lower specific activity at twenty four hours than at six or thirty two 
hours which proves the existence of the movement of cells (from extravascular 
areas back into the circulatuie, blood) and is incompatible with the conclu 
Sion * The data do not permit diffmntmtion of mJabelcd cells rc-cnlenng 
from extrav ascular tiswUe paces from unlabeled cells relea ed from capillary 
beds as previou ly disco.sx! 

More explicit evidence that the movement of granulocytes is primarily one 
from tlie blood into the tissues was obtained by expemnents in which a stcnle 
peritoneal exudate was induced at various times in the course of appearance and 
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BLOOO LEUKOCYTE ONA P®* 
500 yt P®* AT 0 TJME 


i~> I 006 36 70 
■ . 006 16 116 (Net 

t MMcms Twe or kttuorH£»e6J» 



Figs I and 2 —The changes la blood graiiuloc> te DN \ P” specific actlv^t j induced bj 
leuVopbcre'is first instituted on the third da> after labeling, at a time nben the marrow 
granulocj te ma~s is highl> labeled in comparison to the penpherai granuloc} tea This is to 
be compared with the curve in a normal dog not subjected to leuLophereMs 

LeuLopfaere-is causes an initial acute n'«e in <pcci&c artivit> which ma\ l>e followed by 
a fall, as in figure 2 (left), due to dilution vithunl^ieled cells llliether the^e unlabeled cells 
re-enter from ti-'-ue spaces or are relea:«d from capillary beds cannot be determined from 
thc'e data 
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6lQod ■ IS cM/f - 
WBC • 12 SSD/mnP 

{0 186 x 10 '* Crc) 


PERITONEAL 

CAVITY 


iSOOffll Sleril* 
Nutrient Broth 



AT 6 HOURS 


^>^W8C*2C^600/mfii* 
{0 219x10* Total) 


Blood* 12 9 e/to/t Exudoie >30 c/m/r 
WBC* 7 AOO/Am^ 


AT 7 HOURS 

JVBC* 31,000 
_ (0124x10* 7«le*> 

'Blood « 14 cim/f Etudolo «4 4 e/m/r 
WBC* 7 900/mn’ 

Fto 3 —The creation of a peritonea) exudate m a normal dog (No )a III) at a time nhea 
the marrow granulocvteo are highi} labeled (indicated b^ %/) in compan oo to the blood 
The DN I epdctRa scttyity ol the gronulocjtee ta the peritoaeal exu<ist« doee not equo) 
that of the blood graouloc} tee, lodicating a lock of free loierchange of celle beinees pen 
toocal caeit> and blood Note the fall la penpbera] blood g7aouloc>te numbers despite the 
rapid movement of tells into the exudate 

di&Rppeamuce of libeled granulocytes la tbia «ituatJou, cells migrate rapidly 
into the pentoneal cavity, but arc not removed from the body If there exists 
an equilibrium between there cells, and tho«e m the penpheral blood, the specific 
activity of both cell populations mil be equal Figure 3 shows the results in a 
dog (bat received 1500 ml sfenfe nufnent broth mfrapenfoneaJiy at 9 00 A 3/ 
on the third div after idmuustenng P® (io pc /kg) The penpheral blood 
leukocyte DNAP** specific activity at thm point was 15 counts/mm/>ig 
OXA P Six houra later the penpheral Wood granulocyte 'Specific activity was 
12 9, the granulocytes in the exudate showed onlv 3 0 counte/omL/Aig The 
granulocytes numbered 20 GOO per cu mm in the pentoneal exudate at this 
pomt At seven hours the pentoneal exudate 'Specific activity was 4 4 counts/ 
imn /pg If the pentoneal exudate jsinduced at a time when the penpheral blood 
granulocytes aie maximally bbeled (fig 4), then granulocytes appear in the 
exudate in a matter of minutes There granulocytes have a specific ictinty 
similar to tho-c in the blood If a major portion of the cells migrating mto the 
pentoneal cavity were mobilized from a large extravascutar mass of Icot. highly 
labeled granulocyte-, one would expect the 'specific ictivity to fill l>elo\v that of 
the blood population These findmgs do not '•uggo-t a free cvcliange of cell* 
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Sterile 

Breth 



PMN DNA p“ (OII4xlO'“ Total) 

Blood • 24 } e/kn/r Exudote « 30 3 itmlf 
W8C 32,860/mni^ 


\0 495xl0'*Circ> 

Fio 4 —A similar expenmeat to that shonn in Bgure 3 nith induction of peritoneal 
exudate at a time uhen the blood granulocytes are maximally labeled iDog No U 104) 
Here the specific activity of the exudate cells is as high or higher than in the circulating 
granulocytes suggesting that less highly labeled cells out in tissue <paces did not enter into 
the peritoneal exudate Note also that the removal of many cells from the blood does not 
cause a sharp fall in blood granulocyte specific activity 

between the pcntoueal cavity and the blood, instead they support the idea that 
the mam movement of cells is from the blood into the peritoneal cavity 
This type of data mil be criticized on the grounds that such drastic mampula 
tion of the animal vitiates any conclusion as to what may occur ui the steady 
state This ailment cannot be countered Indeed there is no means yet devT^ 
m which the movement of granulocytes can be approached without disturbing 
the«teady '‘tate Nevertheless the bulk of endence supports the contention that 
granulocytes perform most of their function in the tisoues and that the majonty 
of cells are utilized evtrav ascuHriy The assumption that the cells circulating 
in the blood repre^ient an average age of all the granulocytes in the periphery 
remains to be proved The importance of this assumption lies in the fact that 
many presently accepted e«timatcs of granulocyte life span are based thereon 

3 The Relationship of Marrovo Granulocyte Tuntoier to Blood Granulocyte DWA 
Labeling 

It has become evadent that the rale of disappearance of DNA labeled granulo¬ 
cytes from the peripheral blood is not dependent upon the rate of removal or 
life span of these cells For example, indmduals w ith knowai bacterial py ogenic 
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infection (e g , lobar pueumouia) will a fall-off of the cur\ e n hich is sumlar 
to that of normal perons** Also, in the animal experiments prenouslj cited, 
m which bige numbers of granulocytes (several times the number freel> circulat¬ 
ing) n ere rcmoi ed by leukopheresis or drawn mto peritoneal etudates, there was 
not an associated disappearance of labeled cells from the Wood 
The significance of the blood g?nnuloc}te DXA cune becomes clear if the 
circulating grauulocsTes arc envisioned as an esrtensioa of the marrow mj eloid 
tissue In other words, the cells that enter the blood from the marrow are tho'n 
ceils which hax e completed their maturation and differentiation and, at a certam 
point m their dex elopment, are released into the blood The age of these cells 
entering the blood may be assumed to be roughly similar m the steady state 
(with certam exceptions to be discussed later) When the marrow mj eloid cells 
are labeled during the period of DNA giithe^is, and hence dunng proliferation, 
the labeled cells do not enter the blood until the completion of differentiation 
and maturation \ sample of the peripheral blood granulocjtes is, therefore, 
analogous to a simple of the most “mature bi-er” of cells m the marrow, le , 
that portion of the marrow mjeloid popubtiou which is releasing cells mto the 
circulation There is general agreement tJut the dela> of fi\e to six da>s in the 
human before large numbers of labeled granuloc^Tes enter the penpheral blood 
reHects the length of tune before cells hi\c progressed through this period of 
del elopment It is our belief that the entire cune of granuloc>te DXA bbelmg 
rejects the cotu^ of ei cuts m the marrow 
Figure o is from a paper bj Simmontch and Graham’* Here, a bacteria 



Fig 5 —Uclentjon of P** id the IlN V and DN 1 fraclioiu of h •'trjja mou'^ eclU propa¬ 
gated id siLpen^ioo the rotating culture technic (Iron biminovitrh aud Graham'*} 
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Fio 6 (\ B and C)—Schematic reprcsentatioa of one pos« ble t}]>e of dilution of the 
DN \ label bj mieloid proliferation B> the time the marrow re ene of nonproliferating 
granulocytes is labeled the most bighl) labeled cells enter the blood first See text for dis 
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culture and a tissue culture have been labeled by P” and then rcmo\'ed from 
additional The amount of D\ A. P® remains constant for the entire culture 
during the period of loganthimc probferation of ceils Tlie concentration of 
D^ A P’’, accordinglj, i» diluted at a rate that is the reciprocal of the mcrea«e 
m cell popuhtion Of course, the atuation la the intact animal la much more 
complex, aud the problem of removal of the isotope or labeled precursors cannot 
be overcome. Honever, a similar pbenomenon occurs and mu‘«t be taheu into 
account 

If tho'^e cells that give nse to granulocytes undergo several imtO'es betneen 
the earliest '^^tem cell aud the 6nal cell appearing in the blood the curve of 
granulocjie D\A P” reflects the specific activntj of the progenj of all precmxir 
cells capable of one or more divisions .^Vssurauig for the sake of clantj, that 
incorporation of the isotope occurs only over a brief penod of tmie when the 
concentration of the isotope is high, that group of cells (eg the myclocjtes) 
capable of only one sub equent div isioo will give nse to the most highly labeled 
granulocjtes Tho e cells that will divide more than once after the libeling period 
will hav e their DNA P“ reduced hy one half with each division This is schcmati 
cally represented m figure 0 

Tho'^e granulocytes that arc the daughters of the last precuror cells capable 
of division and hcuce the most highly Libeled cells, mov c behind a large ma^^ 
of more mature ceils which are uiilabeled aud which precede the labeled cells 
mto the blood This process appears to be one of an orderly progression according 
to cell age, because lughly labeled celU do not appear m i random fashion ev en 
when the rate of discharge of mature granuloc> tes from the nuirow is accelerated, 
IS by leukopherc'-i' It lias been previously '■bowii that repeated leukophere is 
during the period when the marrow cell popuhtion i^hecomuiglabeled accelerates 
the appearance of the hbcleci cells but does not alter significantly the shape of 
the specific activity culle Leukopheresis at the time when these higldy labeled 
cells* are beguimug to appear m the circulation will accelerate their delivery 
However fluctuations in the entry of cells mto the penpheral blood after the 
marrow mass has become completely labeled (and the blood granulocyte '-pecific 
activity lia'- pissed the peak) will chiuge the "ilope of the curve very little 
Indeed, the «pecific activity of the circulatmg granulocytes does not change its 
course de«pife marked fluctuatitwis m Wood ceil count (flg 2 > 7 ind S) 

These data reflect the fict that at the time the first cells which are libeled 
have moved through the marrow mass of more mature cells aud ire ready to 
appear m tho blood, the entire m-irrow myeloid mass of cella is liiieled ind the 
extent of labeling of each group of cells from oldest to y oungest is progressn cly 
diluted Ottesen has itterapted correction of the blood granulocyte ©"N V cunt 
for the amount of P® iv aibble for continuous mcorpomtion mto DN V The 
resulting curve is thit which might be expected from the tVTie of D\ V 
diiution discussed above (fig 9) 

OUtsen s calculations provided him with a mean age of the circuIatiuggrinuJo- 
cy tes of about nine days It is to be noted that Ottesen did not draw my con 
elusion as to the totil life ®pan of the cell V mean age of nine day s docs not tell 
us whether there is an equal distnbutton of cells younger and older tlian nine 
d lys, nor does it tell us whether the cells eater the blood Ivefore the math day 
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Fig 7 —Failure of fluctuatioos of blood graDuloc>te nuisbers brought about by intra 
7enoua parogen to alter the blood paoutoc>te<pecific activity m a case of pol}c>then»a 
vera 


EXUOATE 23000-33.000/mm^ 

) INJECTION OF STERILE BROTH {1200-1800tnl) 
• BLOOD PMN DNA P** 

»~x PERIPH WBC 



Fig 8 —The repeated intrapentoBeal injection of sterile broth, mobilmog large num 
bers of granulocytes from the blood and marrow, fails to cause the disappearance of labeled 
cells from the blood 
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Fio 9 —^bezaattc fepre««Dtatjoaof the tj-po of DN \ specific actmt} cun e that «roul<l 
be expected la tho blood graciuloc> te> as a result of tbe dilution of tbe DN \ label b> pro 
Uferation and by release of celU from a fabeled marrow ma'^s of sooproliferating cells 


One CNunot apply the Voltcrra formula to this type of cun e to calculate granulo 
cyte life «pan The situation i* tmUke (hat of >.'* glycine labeling of eiythrocjte 
hemoglobin m eral rc'^pccta 

The general •shape of the blood granulocyte •‘peei6c actmty cune is affected 
Nery httle by acute changes in the circulating ma&> of cells In fact the only 
portion of the cun e that can be readily changed n> the rate of nse m specific 
activity, once highly labeled cells ha\c begun to enter the blood After the entire 
marrow of cells has become labeled, the volume of labeled marrow cells lo 
■«o much larger tlian that of the blood that acute fluctuations m the blood level 
affect the total marrow labdmg very little Tins relationship '■ugge^ts a very 
rapid tumov cr ’ of cells m the penpheral blood under normal circumstances 
Even acceleration of the penpheral blood granulocyte turnover,” by infection, 
does not deplete the marrow of cells to a degree where the fali-off of the curve is 
altered 

Another factor offsetting a more rapid fall off of tbe cun l m infection or in 
other stuations where granulocytes are being utiiucd more rapidly than normal, 
is myeloid hyperplasia at the tune of D\A labeling If there is accelerated 
mitotic actmty, the number of cdls capaUe of DNA synthes? i* increased, 
therefore, the number of highly labded granulooy te* entering tbe marrow xc-'cn e 
IS increased, and the more inten«« labdmg of the marroiv myeloid popuLition 
tends to offset the more rapid disappeannce of Libeled cells in the tia^uca 

If the marrow mass of uonprohferating myeloid cell-s t> estimated, and llic 
tune of turnover of this population is known it is a Mmple matter to calculate 
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\tie Tatft gt^YiNiVocytte Osgood* Uas esUraatwi tha raarroNs m>felo\d 

tissue at 2 4 X 10'® cells per Ivg , or m the 70 Kg man, 168 X 10'® cells, of which 
one ‘>L\th are m the proliferating group this gives a marrow mjeloid reserve of 
140 X 10'® granulocj tes If this resen e requires six dav s to turnov er, 23 3 X 10'® 
cells per da>, or roughlj 1 X 10*® per hour, are entenng the blood If 0 good s 
estimate of circulating cells numbering 2 8X10* per Kg (or 2 0 X 10'® m the 
70 Kg man) la used, this means that enough cells are entenng from the marrow 
to completel} replace tho«e circulating every two hours 

Patt’s estimate'* of the marrow mass of nonproliferating granulocytes is 
considerablj lower tlian O-good’s 512 5 X 10* m the 70 Kg man If his value 
for the blood granulocj te pool, 25 X 10®, is used the rate of entry of cells from 
the marrow is 85 4 X 10® per day, or about 4 X 10* per hour The circulating 
mass w ould be replaced ev ery «ix hours Patt calculate**, on the basis of comparing 
the mitotic actmty of granulocytic tissue with the known production rate of 
erythroid tLSaue, that the production rate of granulocj (es is 8 2 X 10* per hour, 
approximately double that estunated on the basis of the turnover ’ time of his 
calculations of marrow granulocjtc reserve This figure is actually m fair agree 
ment with the estimate (10 X 10* per hour) derived from 0 good’s calculation 
of marrow cellulantj It is conceded that all such attempts are rough approxima 
tions and that a small difference in the estimated mitotic index, mtermitotic 
interval, etc wall give results that differ widelj The point of general agreement, 
however is that sufficient numbers of celb are produced m the marrow to replace 
those circulating in a few hours Even if the number of granulocj tes iii the 
peripheral blood m the steady state is doubled to include those m capillarj bods 
as well as those freelj circulating the average time withui the vascular sjstcm 
is a matter of 4 to 12 hours 

The same factors that complicate the mtorpretation of D\A specific activaty 
curv es apply to any procedure that labels the marrow population of cells as well 
as the circulating cells Thus the studies* 'nth Cr”, S*‘ 1 cj stme and DFP** 
reflect the movement of labeled cells from the marrow into the blood and the 
dilution of the label bj cell division It is of interest that the granulocj te life 
span IS calculated by most of these methods is clo-e to 13 days Our interpreta 
tion of the'*e results would be that the time rerjuired for the marrow population 
of cells to replace itself is about 13 days 

The kinetics of granulocjtc proliferation desenbed above do not hold m 
conditions associated with dLsorders in the growth of mjeloid tissue In active 
leukemic states, whether chronic or acute nijelogenous leukemia, the pro 
liferating mas* of cells is no longer confined to the marrow Granulocj tes are 
released into the blood from the marrow or from extrameduUarj areas of rajelo- 
poie&is before thej hav e progrc*^sed through the period of maturation and dev el 
opment which normally occurs in the marrow nijeloid re-erve’’This is reflected 
bj an alteration in the rate of appearance of significant DN A labeling in circulat 
ing granulocj tes '* Indeed the rapid mcrement m circulating leukocyte DNA P** 
m certaui mstances of acute leukemia reflects the active DVA sjnthe«is in 
circulating cells, which can be «hown by m vntro labeling of «uch leukemic cell» 
For this reason, the data denved from such studies of leukemic patients are not 
comparable to the study of the ‘•tcadj "state ’Situation It is of mtere'it m this 



COVTROLLKsG PROUFEBATIOS OF LECKOCVrES 


255 


CxnONIC LtUKEHU MAfCCLU 



Fta JO —Tht rapid appearance, but slow disappearance, of leukemic cella whose DN \ 
has incorporated P*'in a case of chronic leukemia Naegelt tjpe 


regard that our results have uot shown a more rapid disappearance of DN 4. 
labeled cells m vanouu mjeloprohferativc disorders Figure 10 bhovss the early 
appearance of bbeled cells m a case of mooocj tic, m> clogenous leuiemia The 
coutiQued prepuce of bbeled cells is Qoteiiortby, as i» their disappearance 
during a fatal infection In the context of the foregoing interpretation of the 
0\AP” curve reflectmg the turnover of the entire proliferating ma» rather 
than the cell life spaa, the very prolonged fall m the curve would mean that the 
mass of proliferating tissue is veo brge, m rebtion to the ma«o of ceUi» in the 
circulation Hence, the tune required for this proliferating tissue to dilute the 
DNA bl>el by cell division is prolonged That leukemic tis»ue mav in some 
uistascea require a longer iimo tor outosia than norma) has been shouTi b^ 
Lajtha’ and others 

Tub Liuphocyib 

There is considerable confusion about the kinetics of lymphocjle production 
and distribution, as has been imply described bj Yoffey,* Ottesen “ Hamilton,* 
Osgood,* Govvans,* and olhere DNA labeling espenmeuts have mdicated a very 
prolonged life ^pan for the bulk of lymphocytes, although some of the data hav e 
been interpreted as showing a small percentage of cells mth a short life “pan The 
chief characteristics of the blood lymphocyte DivA labeling curve are npid 
appearance of bbeled cells, but a very low mmcimuni specific actuitj when 
compared with the granulocyte, and the pro ence of cell* bbeled to (hia degree 
for a long period of tune 

Thete findings, winch have provided an estimate of lymphocyte life span of 
100 to “100 day s, mu't be reconciled with the evidence indicating npid prolifera 
tion of ly mphoid tissue This pandox has been evpbined by v anous meanv, “uch 
as the c'tiimitiou of a very large extravaacular and eUrahematopoietic ma&. of 
lymphocytes that his i very prolonged turnover ’ Furtbennorc, it is “ugge'ted 
that the lymphocyte contnbutes Ui^ fn^meuts of its D\A to other pa-^um 
ably immature iympliocytes, and hence the isotope data provide an artificul 
prolongation of cell 'iirvival Others have Mjggested that the lymphocyte dif 
ferentiates into a vinety of other ceU«pecie~, IS staled miiiy ycarsagoby Maxi 
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mon, Jordon, and others. It is not clear hott such an occurrence would provude 
the long Ij-mphocj te life span indicated bj the DNA labeling data. 

A great deal of attention is being de\oted to the l>Tnphoc 5 'te’s apparent 
ability to go\em the genetic transnusfcion of antigenic specificity (m the homo- 
graft reaction), as well as to its rtJe in antibod}' globulin sjuthesis. Recently the 
h 5 "pothesis has been pre'ented ascribing to Ijmphoci’tes the role of 5 uppl 3 'ing 
proteins and nucleic acids to practically e\eiy' proliferating tissue ui the body* 
As Dr John S Lawrence remarked recently, the ljmphoc 3 "te would to be 
the mo't potent cell in the body, except for the spermatozoa In anj' e\ent, it is 
probable that the fundamental actiMties of the Ij-mphocjte complicate precise 
definition of kinetics 

The difficulties of interpretation of DXA labelmg m terms of cell kinetics, as 
desenbed for the granulocj’te, also applj to the Ijunphocyte In fact, the com¬ 
plexities become e\en greater when the possibilities of recirculation between 
blood and Ijraph are added For these reasons no reliable definition of the rate 
of production, distribution, life span, etc, is now possible for the lymphocjte 
Se\ eral obsen atioiis are pertment to clanfication of existing misconceptions and 
for future elucidation 

From the study of dog thoracic duct liTnph it w clear that two cell tjpes exi't 
About 15 to 20 per cent of the cells are large with reticular chromatm and nu 
cleoli, the remainder arc typical «mall l>’ropboc> tes with dense nuclei and Bcant> 
cytoplasm The large cells show the same type of rDotibt> as the email ones but 
are much more active MitO'is occurs m the large cell®, but has never been ob¬ 
served in the small cells This is similar to the ob'^rvations of Gowans on rat 
I>mpb, m which species the brge bmiphoc^tes comprise less than 5 per cent of 
the cells In dog I 3 mph these large cells actively incorporate P** mto DXA upon 
incubation with the isotope in bmiph They also avidly incorporate tntiatcd 
thymidine The ‘■mall cells have never been ob'-ened to do either H uma n lym¬ 
phocytes obtained from a patient vvith cbylotborax show rapid DN k ^vnthest-, 
although the percentage of cells capable of DXA synthesis is unknown 

If the dog’s thoracic duct lymph is followed after parenteral P**, a character¬ 
istic ‘•pecific activity' curve is obtained There is a rapid nsc to a maxmiura at 
about eight hours This maximum is veiy much higher than that ob‘^rved m 
the blood lymphocytes All of the DXA is contamed m the large lymphocy tes 
There follow s a «low decime to a prolonged plateau of low specific activity, w hich 
is at the same level as for the blood lymphocytes The pattern of this curve is 
mdependent of the number of cells passing through the lymph ** ^klthough direct 
evidence is lacking, it would appear that the prolonged low «pecific activity of 
both blood and lymph is due to labeling of the «mall lymphocyte population 
because the =pecific activity is the same in both areas, although the percentage 
of large ly mphocy tes is higher m the ly mph It has not been establi-hcd whether 
the circulating small lymphocy tes arc products of the larger cells Our ob'-erva 
tions with phase micro-copy of dividmg cells agree with tho«e of Gowans^ m 
the rat, which «howed that the products of division of these laige cells retain the 
morphologic appearance of the large cells and not of the small ly mphocy te 

The very lugh level of DXA labchng ob'=€rved m the laige lymphocytes m 
thoracic duct lymph 13 not detectable in the blood lymphocy tes (fig II) This is 
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Fio 11 —Thoracic ducUjmphoejteDNA specific actml> m Ibc uoma) dog compared 
wth the peripheral blood IjmphooU «pecific acuvitj lu a nonnal lotact dog receiving 
eimtiar amouat of 

duo lo the dtlutioi) of thoae cells uitb uobbeled ^moU }>mpboc>tea The lorgo 
highly bbeled cells seem to disappear rapidly from the blood and presumably 
are removed in some tissues possibly in the bone marrow as suggested by 
Yoffey* and Ficbtelius* or ui lymphoid structure '■pleen etc Studios in this 
laboratory with dog lymphocytes lagged with chromium pho phateCP**) indicate 
that lymphocytes (both large and small lymphocytes are tagged by this method) 
do enter the bone marrow mid remain there for several days. However we are 
unable to 'ay whether the bone marrow removal is greater than that which 
occurs, for ex.arople in the hver and spleen Studies are under way in which the 
large lyropbocy'tes are lalieled specifically wath tntialed thymicime and then re 
infused it is hoped that the fascuiating problem of the fate of the-^ cells can be 
clarified by Iha* technic 

It IS obvious lint the blood lymphocyte V curv e is highly complex The 
early appearance of labeled cells would be expected because there is no delay 
before their eutmnee mto the blood, as m the case of the granulocy te that enters 
behind a ma=%> of unlabelcd celt. De pite high specific activity of a few lympho 
cjtcs at least imtially the total blood lymphocyte specific activity remains low 
becaubeofdilutiouofthesaniplevvjth unlabelcd cells It seemsevadent therefore, 
that from the stiiidpomt of tissue growth when we speak of the lymphocyte, 
w e must qualify the term and not consider all ly mphocj tea as cells w ith «uaiLir 
capabilities It may be that the lai^e lymphocytes are more unportaiit xs pre- 
cur=om for other cells and that the «nttaJl variety lias more to do vnth protein 
synthesis For example Gowans has prc'cnted very effective evpenment*'’that 
support the suggestion of Mann and Hi^uis** that ■•ustained lymphocyte pro¬ 
duction IS prev ented if a ‘■mall percentage of viable proliferating cells do not 
reach the blood from the lymph "We are all familiar with the very rapid lym 
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phopenia that develops after irradiation It was '‘hown many jears ago that 
X ray caused a rapid decrease m the output of thoracic duct lymphocytes m cats 
Idrenal cortical steroids exert a very profound effect upon lymphoid tissue, and 
their suppressive action on cell proliferation in a vanetj of tissues is well known 
Ml of the«e data indicate that lymphocytes disappear rather qmckly if produc¬ 
tion IS terminated This is at variance with the concept of a verj long life «pan 
for these cells and suggests that the estimates of liinphocyte survnval time by 
DNA-Iabelmg methods are artificial, as discussed bj others 

The‘e findmga aI«o suggest that l>niphoc>topoie<:is is not confined to oigamzed 
lymphoid structures but occurs in the flowing lymph, the blood, and probably m 
a variety of other tissues The«e cells are, m a sen^ie, comparable to metastatic 
or leukemic cells with a potential of tran«plintation to a vanety of tissues in 
which thej proliferate Studies of the homograft reaction support the concept of 
certam Ijmphoid cells being capable of cvtraljmphatic proliferation For ex 
ample, Terasaki, Longmire and Cannon** have shown that the mjection of v lable 
adult lymphocytes into chicken embryos results m a “graft agamst host” reac¬ 
tion, leadmg to the death of the chick with «plenomcga]y and anemia The same 
phenomenon has been shown m embryonic mice injected with adult mouse hm 
phocyte', obtained from the thoracic duct The reaction is beheved to result 
from proliferation of the tran'-planted celfs which eventually subdue the ho-^t 
because of immunologic incompatibility In this instance, the embryonic re¬ 
cipient lb tolerant of the adult cells, but the latter, os the host matures, react 
against the ho< cells as foreign ” 

Becau'>e cells of this ty pe are constantly entering the blood vna the lymphatics, 
and because they appear to proliferate ui various body tissue':, it is conceivable 
that the rate of proliferation and, hence, lympbocy te production may differ from 
one area to another, depending upon vasculanly and other environmental fac 
tors It Is suggested that the prolonged presence of DN*A labeled lymphocy tes 
may reflect, in part, the entry of lymphocytes into the blood from different 
sources and at different rates 

We have noted marked fluctuations m the lymphocyte DXA ■specific actmty 
curve m patients with chronic lymphocytic leukemia** These multiple irregular 
peaks suggest the erratic appearance of labeled cells from different areas and at 
different rates Furthermore, as was pointed out in the di'CUSsion of gnmulocyto- 
poiesis, the kinetics of the cell DN V curve reflect events m the proliferating tis¬ 
sue In lymphocytopoiesis, the proliferating tissue is not confined to a «pecific 
organ Ablation of proliferation of widespread cells, as by whole body ir 
radiation or adrenal steroids, leads to a rapidly developmg lymphocytopenia, 
«imce production in all these diverse areas is terminated 
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Discussion of Regulation of Grannlocjte Production 


A S Gordon f woufif fike to present 
some of our recent cxiierimental evidence 
which might he construed os supjwrting the 
tonicpt of a leukopoictic stimulating fac 
tor, the existence of whith was mfirrcil bv 
Drs Craddock and Doughertj Thi&work. 
was done m collaboration with Dr M 
Eislcr and the Messrs R 0 ^von, B S 
Domfost, C D fciKgcl, E HaiKlIcr and 
A Crusco Influenced by the now »dl cs 
tablishcvl finding that entiiopoictva can be 
eiokcd in the circulating b!o^ In mnoval 
or destruction of ery throcjtcs, it seemed 
posaiblc that remov al of large numbem of 
leukocytes mic,bt result in the appearance 
of a lcukoc\tO'i4-mdui.inR factor 

Piraliiotjc rats wire einplovwl in tlic 


first senes of experiments Leukocytes wen: 
rcraovxxj from ouc of the partners of each 
pair bj a method of peritoneal cantv lav 
age Tvrentj five ml of nonpyrogcnic sterile 
laotoiuc saJujo iras injected inlrajieri 
toneally into each of the right parabionts 
\me hours later, an additional 20 ml of 
saline was inject^ to permit collection of 
the leukocytes which hod accumulated in 
the pcnloncal ravitv This proredure, re¬ 
peated to eight timc^, enabled us to ro 
move approviniatelv a billion leukocytes 
over a two to three day jKnod Detcrmma 
twos made initially and after tennination 
of the final Icukotv tajihcrois (I-kP) 
Stowed tliat the peripheral w fntc cell exiunts 
(WBC) liad decrcaicd or remained un 
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changed m the nght LAP partners of the 
three pairs of parabionts reported here 
(Discussion table 1) On the other hand an 
average increase of 6o per cent had oc 
currcd in the WBC of the left non LAP 
members These increases were the result 
of elevations in the numbers of both pol> 
morphonuclear (P'\r\) and Ij-mphoi^tic 
elements 

In the second senes of expenmenta, rata 
were LAP on six to eight occasions via the 
peritoneal cantj until more than a billion 
leukocjtcs had been removed Single sub 
cutaneous mjcctions of 10 ml of plasma, 
obtained from the^ rats, into normal mtacl 
rats of the same strain resulted in a mean 
increase of 130 per cent in the circulating 
U BC at four hours (Discusaion table 2) 
Both PMN leukocsiis and lvmpUoc>iC3 
coatnbuterl to tins increase Injections of 

Discussion Tvble 1—Para6io»i» ezpen 
menu EJfeett ofrepeaUd leukociflaphereset 
(L 4P1 in nght parabionU «n the leukocyte 
counit of both porinert 


Pirebwt e pur 
aumber 


Left pectmc 

(BOO lAC) 

fl* 1 

A' 1 


A* 

1 

14 6 : 

8 8 

12 6 

20 0 

2 

16 9 

9 1 1 

la 0 

31 0 

3 

la 0 

la 3 

17 0 

2a 0 


*B Leukoc) tc counts (thousaods/mm *) 
before LAP 

* A Leukoc} te counts (thou»aDds/nim ') 
after LiVP 


Discussion Table 2 —Effeela tff a sinyle 
injection of 10 ml plaema fro n L IP raU 
on the peripheral Uukocyte counit of intact 




2 

3 

4 

6 


Leukocyte co<u>t» 
(tliou&uiclt/nuii.’I 


12 S 
23 0 
17 0 
S 4 
7 6 
11 2 


30 0 
4a 0 
37 S 
20 7 
IS 0 
29 0 


10 ml of plasma from normal non L4P 
rats into six normal rats resulted in no sig 
nificant alterations in the tTOC of the re¬ 
cipients (Discussion table 3) Injections of 
adrenal cortical steroids, serotomn ad 
renahne nor epinephrine histamine and 
Piromen did not reproduce the pattern of 
leukocyte response evoked by the plasma 
from LAP rats In addition, conventional 
methods for the detection of microor 
ganisms filled to reveal their presence m 
the plasma of LAP rats 

The third senes of expenments w as con 
cemed with testing the effects of plasma 
from LAP rats upon the rate of release of 
leukocytes from isolated hmd legs of rats 
perfus^ with approximatelj oO ml of 
leukocj te-free blood Approximatci> 5 X 
10’ leukocvtcs were relea^ into the per 


Discc&siov Table 3 —EJfeelt of a t ngle 
injection of 10 nii plaima from normal 
(nan LAP) ralt on the peripheral leukocyte 
counit of intact ratt 


lUt p 


Leukocyte counCi 
(iheuMsds/DiB ’) 


I fit 


UtulcouLt I 


1 I 10 9 I 21 t 

2 lo 0 I la 0 

3 16 9 ' r 0 

4 15 0 16 8 

a 17 0 , 18 5 

6 16 a i 17 0 


Discussion Table 4 —Effectt of plasma 
from LAP ratt upon the mean number! 
(mi(fiON» ± efandard error*) of leukocytes 
released from perfused hmd legs of rats 
oier a SO minute penod 


Group Dujnber 

TotAl 

’'ilve'Sed* 

£S“, 

Lympho- 

1 (a exp ts ) 

53 2 

34 8 

18 4 

controls (no 

Zh 6 8 

±3 4' 

±4 5 

L\P 

plasma 

added) 

2 <3 exp ts ) 7 

131 9 

60 0 1 

72 0 

ml LAP ; 

±11 0 

±4 0 

±6 0 

added 1 

P values 1 

<0 01 1 

<0 01 

<0 01 
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fusate from sucli hmd legs m a 30 minute 
perfusion (Discu&ion table 4) AdditiOQ of 
7 ml of plasma from repeatedly LAP tats 
at the initiation of the perfusion resulted in 
the release of approxunatcly loQ per cent 
more leukocytoa into the perfusate over the 
«amo time interval Tlus increase achieved 
11 ith the L.kP plasma « as the result of Uie 
release of larger number* of both PM\ and 
Ivinphocy-tic clcnienta Addition of the 
same amount of pla.ina from normal non 
L,\P rats failed to increase the rate of Jea 
kocyte release from the«e perfused prepara¬ 
tions 

The e three lines of evidence lend sup¬ 
port to t! c thesis that rirculating leuko- 
cytoas-promoting factors exist which an. 
concerned with roplaccjucnt of leukocytes 
removed from or destroyed within the 
body Evpenments arc under way to deter 
mine w hether this action la one exerted not 
onlv on leukocyte release but upon leuko¬ 
cyte production as well 

V "M Mvueb klthougU we have pre 
«eRtc<d evidence that granuiccvtes an. rc 
moved from blood m a random fashion wc 
cannot tcU from our data whether they 
cater the blood from the bone marrow m a 
random or «cqucntial fashion Both tyixis 
of model iia\ c been analy zed in the analog 
computer but unfortunately both models 
can be made to ht the data curv c 

\fter the infection of P” in the form of 
‘odium plio'phate is described by Dr 
Craddock there are several factora which 
influence the rate of increase of radioac 
tiv itv in the DN A of blood leukocy tes The 
penod of availability for incorporation into 
DNA would greatly influence the radio- 
aeffjTfj <i! «v’iV <ic«'ci'a*’Ee«i feesi this 
Once the labeled cells left the proliferating 
pool a random distribution about a mean 
time spent in the maturation pool be 
expected and tins also would mflucace the 
rate of increase of labeled cells m tlie blood 
Finally if granulccyles are remov ed from 
the blood m a random fashion the rate of 
increase of label m the granulocvtc D\A 
would be influence 1 by the rate of removal 
of cells from the blood lUi these possible 
factors, mfluencing the rate that P” appears 
m the DNA of blood granulocyte'* mens 
urement of the rate that graaulocyics are 
tlehv crod to the blood by this metliod mav 
be onlv an approximation 

C G Ca.4DDOCK Dr Gordon has 


touched on something that has bothered 
those of us wlio have been concerned with 
separating release of cells from proliferation 
of cells I think tliat he is correct in being 
conservatue in interpreting Ins data There 
an. many nonspecific factors that cau affect 
leukocyte removal in the periphery tiius 
Inggcnsg an acceJe/ated release of Jeuko- 
evtes without auv ciiange in the rate of 
proliferation As wa.** jjomted out by Dr 
Patt if one irradiates an ammal and stops 
allprohreratiOQ one can «till cause the same 
type of release of cells from the mtramedul 
lary reserves 

I am not «ure that we are in conflict vv ith 
Dr Mauer In tlie studies on P® labeled 
D\ K cells begin to appear on the fifth to 
<utli day, the linear portion of this curve 
occurs over the fifth to «cventh day then 
there u. a dower rise to a nmimum on the 
ninth «lav Tlic dilution by the entry of Icss 
highly labeled tills oft-ourse occurs earlier 
«o that (ho maximum point on the curve 
does not represent the point of highest 
labeling per eel! m the penphera) blood 
This pomt occurs earlier I feel that wc are 
m agreeiDCRt as far as the rapid tumoi er of 
cells m the penplieral blood is concerned 

L G Lattha Another 'lightly oomph 
eating factor m connection vnth what Dr 
Craddock mentioned is that when we look 
at the DNA labeling of different bone mar 
row cell populations tliere are many dJ 
ferent compartments If wc take tlu. earliest 
bla.t cells the so-called pro cells and the 
late meta type cell then the gram 
counts over thcao three types during any 
tune will usualh vary in tlie relation of 
1 2 Oo Hence wt can t treat the labeled 
ixhw .wJUTOvi papditioa ss (leufcimh 
bcled 

A M 'iLtVER If granulocv tes are rc 
moved from the blood in a random fobhiou 
highly labeled cells hav e the same cliance 
of removal as unLabelc-d cells Tlie blood 
compaitincnt in vour moilel is represented 
os a tube cells being removed in a ■sequence 
detemuned by the tune of entry Our data 
do not support such a removal mechanism 

C G CraUDock Had I known about 
youriuodcl T before I drew my diagram 1 
wouldn t hav c drawn a tube I *houid like 
to cmpliasize tliat wc do not feel tlxat there 
IS an ordcrlv muv ement of cells through the 
penphcral blood according to age Aa a 
matter of fact all of our data an. to tl e 
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contrarj e feel that the turnover of the 
blood pool IS so inconsequential m terms of 
mass m relation to the marrow rc»erve of 
cells that its fluctuations do not affect our 
curve «igmficantlj 

A "M Mvuek It 13 very gratifying that 
we are in agreement as to the type of re¬ 
moval of granulocytes from blood 

\ P Bond With tntiated thymidine 
the percentage of labeled cells in the penph 
eral blood is determined by a vanety of 
factors prmtipal among which are the per 
centage of labeled cells m the dividir^ pre 
cur«or pool the rate at which labeled telU 
are removed from the peripheral blood and 
the rate at which labeled cells are ap¬ 
parently lost through dilution of gram 
count It appears that the tune for the 
maximum percentage of labeled cells m the 
penpheral blood would probably represent 
the resultant of the first two of these fac 
tors Any sharp change m the percentage of 
labeled penpheral cells represents pnnci 
pally a change m the percentage of labeled 
div iding precursors and the tune for such a 
radical chauge to occur probably represents 
an upper limit for the generation time of the 
dividing precursor cell 

E P CnovuTC I find the idea of ran 
dom toss perfectly acceptable and I think 
this would be an appropnate way for the 
granulocytes to be taken out of the circu 
lation for some purposeful function How 
ever when you start to put in a T'^ of a 
few hours 1 begin to stumble and I just 
want to review very quickly the things 
that Dr Bond prescnteil \bout 36 hours 
after injection, labeled cells begin to appear 
m the peripheral blood Between the sixth 
and seventh day you see the maximum per 
centage of labeled colls During the tune 
tliat the percentage of labeled cells m 
creates, the gram count per cell is csacn 
tially the same To me this is the minimum 
tunc from the last nivelocvCc division to 
emergence \ou go from zero to the maxi 
mum percentage of labchng whiili i» es¬ 
sentially the jierccntage labeling 'K*n in 
themarrow Thistakesthrecday'i roughly 
There is approximately a 40 per tent m 
create per day To increase the percentage 
of cells labeled a labeled cell must replsoe 
an unlabeled cell since some tv pe of steady 
state exists However the rate of nsc m 
percentage labeled cel! docs not appear to 


me to be compatible with a peripheral blood 
half time of slx hours nor a marrow 'torage 
of mne to eleven days 

D L Kline We liave attempted to 
demonstrate m the dog and in the rabbit 
whether or not extravascular Ivmphocytcs 
might return after deprcs-ion of the lym 
phocytes by hy drocortisone AH of our evn 
dence so far indicates that the cells which 
tna^ up the blood level after the low point 
following hydrocortisone has been reached 
have come from the hroph nodes 

M A ScHVEiDEHiLiN bevcral «peakers 
talked about problems of life ‘^pan but I 
couldnt tell what really was meant bv life 
«pan I vv ould like to put this m terms of a 
simple analogy that perhaps one can follow 
more easily What is the life «i)an of a 
man? Is the life span of a man the maxi 
mum life which he can attain’ I think this 
iswhatDr Odell refers to Is it the average 
life expectancy at birth’ Is it the average 
age of the population that died todav ’ To 
carry the analogy further shall we take 
gc tatioD penod os part of our ertimate of 
life If we take gestation penod for 
the measurement of life span how diallwe 
consider fetal wastage through nuscamages 
and so on’ This is Dr btohlman e point, 
the death of the celts m the earlv operation 
being equivalent to fetal wastage If we 
take fetal v\outage should we include the 
wantage of germ cells that don t eventuate 
ID fertilucd germ cell ’ 

Frankiv 1 don t know w hat w e ought to 
do I can at the time of birth put an orange 
stamp on a man s forehead and 1 hav e no v 
labei^ him Everv time someone is bom I 
do likewise I watch the population until 
finallv 1 get to the point where every bodv 
has a orange “tamp on the forehead I 
record how long this process takes Have I 
now measured the life “pan’ 

I don t know which one of these manv 
poEk.ibdities one means when thev “av life 
“pan but whatever is meant “hould be 
defined 

L. M Tocantins Thvtisvcrv fine Jmt 
those thoughts were gomg through mv 
mind 

C G Craddock I think to quote a 
famous cigarette slogan vou “hould kt 
each man make hi» own deci ion I don t 
see what s so terrible about “tartmg the 
measurement of life «pan with the ge“ta 
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tioiuil pcnod ^%hen u'e cau mcsisure the the circulation Itlunkitdepeniisoawhere 
gestational penod Apparently, we cant it happens to lca\e If it leaves in the mid 
measure adult'life of the granulocyte and die of the stomach, it undoubtedly a dl,hvc 
this la the nub of the problem Is h^ been a very short time If it leaves and enters a 
repeatedly said, no one can «ay how long a tissue space with a comfortable environ 
given granulocyte will live once it leaves ment it may live for quite a while 



Adrenal Cortical Control of Lymphatic Tissue iMass 

Bj Tbouas F Docguerti 

T>s 1943, DOLGHLIITY AND WHITER dl^co\ered that ‘•mgle admuiLtra 
-*• tions of ACTH to «e\eral 'species of ammab was followed a rapid lo^^ of 
Ij-mphocytes from the blood The !o^s became maximal m three to nine 
hour', dependmg on the preparatioo, the amount of \CTH admuiiatered, and 
the particular «pcciea studied This rapid lo:^ was followed bj a rapid reconstitu 
tion to normal lymphocjte lc\els, nhtch, in all instances were back to the 
normal homeostatic le\el Mithm a penod of 24 hours This phenomenon—a 
rapidly developing Ij-mphopenia, followed by a rapid reconstitution to normal 
numbers of blood IjTnphocjdes—was called the limphopenic re pon*e 

The «pecificity of adrenal cortical hormones for the production of the hinpho- 
pemc response was demonstrated by the fact that VCTH could not produce it 
m the ab-encc of the adrenal cortex ** It was further found that those «ub tauces 
now called cortisol (compound F Kendall) and cortisone (compound E-I\endall) 
were the particular adrenal cortical hormones that produced the limphopemc 
reponse” Measurements of the rebtionship between blood level of 170H 
corticosteroids and the time of induction of lymphopenia were made by NeUon 
et al ° They found that cortisone acetate and cortisol acetate produced mcreosed 
lev els of blood corticoids one hour after mtramu'eular administration although 
maximum l^anphocytic changes did not occur until four to eight hours Kt this 
time the blood hormone level was either normal or below \mong steroid hor 
mones only adrenal cortical «teroids produce the l>'mphopenic re«poii'e in 
adreoalectomized animalsMany other hormones «uch os insulin epinephrine 
and tbjroxin, os well os certain «lcroid hormones produce a Ivmphopenic re¬ 
sponse when they are administered to intact animals but not when they are 
given to adrenalcctomized animals '* 

Metvbousm of CoitnsoL 

Cortisil, which is the major lymphopenia producing steroid in human is 
cecreted from the adrenal cortex mto the blood It rapidl> leaves the blood and 
enters the loo'-e connective tissue that embeds the capillary • The hormone is 
taken up here by local tissue elements pmnanlj fibroblasts ^ which metabohze 
it V erj rapidl>, thus conv erting cortisol to other «teroid molecules* not having i 
IjTuphopemc effect These products and cortisol it‘=elf, pa» back from the tissue 
mto the blood and circulate through the liver at which point they are further 
catabolized, but m a different fashion • The liver i» the major organ capable of 
reduemg the k rmg, reducing the 3 keto po ition niid forming water soluble 
conjugated Mcroids (i e , glucuronides), which are then axcreted ’ The action of 
the Uv er is absolutely essential to create molecules that can then be excreted 

From the Department of \natoniv andtheltadiobiologj Laboratorj 4ni\er«it\ ofbtab 
College of Medicine 

This work was supported b> grants from the \mencan Cancer Socielv the Lnited 
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but extrahepatic cells al-o con\ert cortitol to macti\e lymphocytolytic steroids 
The action of the Iner, then, is to provide the dram on this cyclic system 

It js important to realize that these actions of both the cells of connective 
tissue and liver are exceedingly rapid Tor evuniple, in the human being, con 
V etsiou products from cortisol to nonlyraphoperua producmg hormones are found 
within five mmutes in the unne of individuals given C‘^ labeled cortisol* The 
half life of free cortisol—not of its conversion products, but of cortisol itself— 
m the blood of man and mouse is about 40 to 50 mmutes, and by 100 minutes 
virtually all the admiiustered cortisol is removed * Thus, cortisol is available to 
act upon tlie lymphatic tissue for a very short time follovnng any one mcrement 
m the amount ui blood It is evident that however cortisol affects l 5 mphatic 
tissue, this effect is mamtamed for a lon^r period of time than free cortisol is 
actually available to act upon the cell * In order to produce a lymphopenia, the 
amount of free hormone m the blood must be j^eater than that characteristic 
for the homeostatic amount This condition can be produced when the rates of 
synthesis and secretion of cortiso! are greater than its rates of mactnation and 
excretion Conditions such as i continuous supply of ACTH in a quantity -suf 
ficient to mavntam a prolonged hypersecretion of corti-ol (Cushmg's ‘‘yndiome) 
or cituations of prolonged stress, result in lymphopcou, the duration of which 
depends on the length of tune that the cortisol level is above norma! ** On the 
other band, in the presence of interference with free hormone conversion or 
degradation, a& found lu liv er injury, more free cortisol is a\ ailable Patients with 
curhosis of the liver have very high levels of free corti'ol and marked lynipho 
peum ** Other unknown factors, of course, could enter mto this picture by 
interference with hormone degradation 

The statistically normal number of blood lymphocytes la mamtamed withiu 
limits when a statistically normal amount of free cortisol is present m tlie blood 
(0 8 /lO cc human plasma) \Vlicn the blood level is greater, the lymphocyte 
count decreases Conversely, when there is an inadequate supply of hormone, 
there is a tendency for a lymphocytosis (fig 1) 

MedI-VTED LvaiPHOFEMC ItEsrovsb 

The hormone supply (cortisone, cortisol) necessary to maintam the homeostatic 
lymphocyte level (effective lyTuphocytc mamtenance do*^) was found to be 50 
lig /20 Gm mou«e/day for cortisone, and 10 to 35 uS /20 Gm mouse/day for 
cortisol"® The daily mainteiunce dosj would be lu the neighborhood of 35 mg / 
day of cortisol for a 70 Ivg man Thu. u. vvithw (he approximate range of cortisol 
required to mauitam idreuakctomized mdividuals in a eucorticoid «tatc Tlie'«c 
opproximate doses are of importance when it is con'-idercd tlmt the adrenal 
cortex mfluences markedly the pate of growth and development of lymphatic 
cells, and that the lymphocyte count reflects Um general influence llie number 
of blood lymphocytes, therefore, gives an accurate mdicatuai of the amount of 
circulating free cortisol 

The effect of stress oil the production of i lymphopenia is mediated by w ly 
of the pituitary idreaal axis The lympbopcmc re=|XHi^ nuy accompany ad ip- 
tiv c physiologic sdtcrations such as pregnancy, lactation, emotional stimuli, and 
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Fio 1 —^The relation'hip b«(«ecn the cooceatralion of l>mphoc\to1\tic hormooes lo 
blood and the number of l\niphoc>te3 

a Riclo \anety of Mtuatioiis in uhich there is CDdocnjic unbilance * “ Stana 
tion, which IS one of the moat potent means of depleting lymphatic organs, is 
ineffectite m the adrenalcctomizcd anuual'* The fact that a \nde lanetj of 
traumatic, bacterial, and chemical agents produce lymphopenia this mediated 
re«pon«e is recorded m many re\iews on the «ubiect Indeed, there are onli two 
Ijmphopenia producing agents that are cffcctne in the absence of the adrenal, 
namely, x irmdiation and nitrogen cnustacds E\en a portion of the effect of 
the«e agents is mediated by their induction of adrenal cortical •secretion •* “ 
The lymphopcnic response that follows stress differs from that produced by 
J^mphocytolj Uc bormonea, m that (here is an increase in blood limphoc^Tes lor 
a short time before the lymphopenic phase begms * The relationships of 
stress to changes m blood lymphocjies may be aiplamed by definmg fi\ e phases 
of i curie of response of circulating lymphocytes to stress"® (fig 2) During phase 
1, there is an increase m the number of ly mphocytes immediately follow mg 'tresj 
in both mtact and adrenalectomizcd animals ** Phase 2 is the rapidly dei elop¬ 
ing decrease in circulating lymphocytes, which is mediated by adrenal cortical 
•^^iretions in intact ammals Phase 3 is the cur\e of the rate of reconstitution of 
circulating }ympbocylea from the maximal lymphopenic lercl to the norm'll 
limits Phase 4 is a lyraphocytotic o\crshoot, which is frequently present fol 
lowing more sc\ere stressful circumstances That is, when the rite of reconstitu 
tion is great, the lymphocytes will uicrea'% o\er the phy-iologic norm this is 
followed by phase 5, which represents the reconstitution from phase 4 to the 
statistically normal circubtmg lyanphocytes characteristic of pre^tre-^ Ie\els 
Phase 1 has been attnbuted to epmephenne secretion,which theoretically 
produces -plenic contraction with a sub'equent discharge of cell-* This cTplana 
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promoting substances Thus more hormone tliaii the statistically normal amount 
la required to dampen the phase 4 o\cr^oot and bring the cell number mto the 
range characteristic for homco<^tasis There may be a considerable amount of 
oscillation about this mean le\el before a normal level is ree tablished 

Lymphocttotic Response 

During our studies of the mvolufion of l>mphatic tissue and the lymphopenia 
mduced by stress it became ev idcnt that the blood lymphocj tes tend to increase 
m number following adrenalectomy to higher mean levels with smaller standard 
deviations than in intact animals There is no progressive mcrease of lympho 
cytes m adrenalectoniized animals le they mcrease significantly but remain 
at this new level until death It was found however tluit when stres. ful agents 
were administered to the adrenaleclomized animals increases far greater than 
those due to adrenalectomy ilone occurred “ For example two hours following 
adrenalectomy vanous stressors that produced a lymphopemc response m mtact 
animals were given or apphed to the operated mice Almost immediateh the 
blood lymphocytes rose to levels ignificanlly higher than tho e pre'^nt m the 
non«tressed intact or adrcnalectonmed group “ Particular attention was paid to 
three types of stressors histamine administration endogenous hi famine and 
serofonm rcfeaseiiy «ayo/ anaphyfacfic shod and ■'fanafron Other stK^fal 
agents such as insulin pitressin adrcnalm tbyroEin various androgenic and 
estrogenic hormones have all been inve tigated and reported * All of these agents 
produce a lymphocytosis m the ab>ei)ce of the adrenal gland 

The fact that blood ly mphocytes do not mcrease progresK.iv ely but remain at 
the lev el found 24 hours after adrenalectomy suggests that there are mcchani«ms 
other than tho^ mediated by accretions of the adrenal which regulate the 
proliferation and destruction of blood lymphocytes When the dampening effect 
of adrenal cortex i» absent it is apparent that a different set of controls maintain 
proliferation and destruction at a new level A ‘•ignificant difference i» that the 
mechanisms (adrenal cortical hormones) for decreasing amounts of ly mphatic 
tLSsue below a normal lev el are not present 

The Stress stimuli employed in all our studies indicate that they shorten the 
time of appearance and enhance the extent of alterations that occur m lymphatic 
tissue as a result of adrenalectomy alone ** The ly mphocy to is of etresscd 
adrenalectomized animals appeared earlier and ro^c to higher levels but re¬ 
turned 24 hours after operation to the level characteristic of nonstrcssed ad 
renalectomized animals There is an increase m the mitotic rate and ui the 'ize 
of the lymphatic organs of stressed adrenalectomized animal as well as m the 
number of their blood lymphocy-tes It diould be emphasized tliat starvation is a 
special case for not only docs the starv ation act as a stres- ** but also the animal 
IS dependent upon its own ammo acid •'tores for "ynthe is of new protein Not 
only H there a great increase m blood lymphocytes in adrenalectomized starved 
iQimals as compared to lyanphopcma m starved controls but also there is no 
decrease in lymphatic tissue nitrogen content •* Indeed there a 'light increase 
above that found m mtact controls It is al>o surpnsing that the number of 
mitotic figures is much greater in adrcoalcctonuzed 'tarv ed anmials than in 
mtact starved animals Thus an animal may actually grow its lymphatic tis-ue 
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m Ujc ib-<!ncc ‘ I UkOtjUum*? Liitrs) \ndammo icul trfjurcesfor prottin''jjithe*-is 
Hie txttnl of honnoii U contit)! uutlLr (Iii t circun\>Umcis w 'urpriMiig 

IltL-VTIVl Vbitl SOCUKTIC^L I\SCFfiClL.NC\ 

Mn>;s fctimuh lu\t Itciu Jiuwu to tntlucc i l>mp!ioc\tic rupoii>t not miduleii 
(tic pj(«nt to *uJrctUK*<jr(it it h«mi<jn.i} ixi Hic M^pjcntul ctiaiij,cd of cir 
cuhiing ni>rc.N.Jji »» iiunienc.il mil tcniporil chincten tjc.s iii 

nntTNj un.iK* “f tbt cum of the Umphopcnic rt jhiiih and tia\c txcu termed 
tlicljm{t!ioc\totica*'iKUi‘t Hk tending of'.(Rs^(otll!^lncct>mp^locJtopo^p w 
and i^inpliot 1 to u i{i|x ir* to ix ma knl in intict inniMU b> the grouth 
miRlinting ilTccl tf vdrend corticd hormoiuR il-o rtlui-xti l)> strcas E\pcn 
nuntt Wire pcrfonnctl lo dilmeito tlic cuuipiritnc nlatton hip cxi'-lnig he 
tucin ilic Jtrnphuinme Ru-diitetJ 1>) pitinUr} idrenocortic.'ilhonnoncs 

(•roup' of ndriiuleciomunl nmi wire given doxCH of corti'onc \arjing from 
V) j;g to 0 1 mg, * th it !•< from do is tint win iiuiTcctut in inainlaiiung the 
hmpl)ocjt{>s uitiim (lu nonnd ritiKi todws that prudnecd and KUintamed 
l>mphoi>cnu m thi clnt)uiciU> trcaUnl nlnndoctomucil unmul-* rollowing i 
wi'cLoftn itmtni.nofutlliirhormoni w mgiven indthi amnnlswcrc'-ulijcctcd 
todiilj »tn>.s hv the uimna (rttiinofa uhhthal do c of Imtanunc u is 

IKfromud dub f‘^r ftiur d i>'* on all anmnl? md it cicli uitirv d I>mpboe>to 
counts Wire jicrfonned on tliosc lint Mirvived the pnnonslrealmcnt Hit blood 
couiiiji tnd the b (uphocj to eounH uin. uht lined it four hour mien ihi fur each 
di\ In rach inM inrc following tht slre^'* ilit btnplioc^ici ro'e to levels higher 
llwn thoH- pn.'s.nl at the 'tin if the ivpcnmciit and following a peak at 12 
hiturs, the} fttiinuxl iiifwxinuUlj to the pnuuit*. huJ at J4 h<}un U Ibta 
lime Ihc niiijiuLi win. •tn'.i'd ag.vt» ‘“J the s.imc procedure w is followed In 
uth cvsc the Mine Ivniplioc)tone curve recurred with return lo the previous 
kttl nit mcnaso < f hmphocvfcs w Ica't m the group th it hid Ixxu over 
tri itcil, iml griali't in the group that received the lia-t prclreatment The 
degret of bmp!uK>tu ts wts invtr'ob proportiomj to (ht amount of hormone 
tn itmciit whin iht'(n.'Mias ctMi tint Hie nte of kill of tin tdrtiiilcclonuzed 
cortV'oiie-trcileii ainnwls liter'uccisive'trij>je- rcvuilcd as ctpecled that 
there w IS 1 direct iTlilion.hii> belwceii tlie imomit of hormone given before 
'tr«>\s and the re*i'tjnce lu 'tre^s Ht lave intcrjirctid this rt |x>«sc as a rehtive 
adrenocortical in'uincunc> lint corrc'ixmd'i to pliase 1 m the mlact animal 
'Ihisst.itcexutswhtntlic uiiouutoflionuonc iv ulahlctsiii'iifficicnttoniuntam 
bmphalic tK>nc ind at the sime time insunieiont lo meet the increased dc 
minds for utilizaluni mducid i>> 'ttc-« Tlie mcrev'cd movement of hormone 
frun bl(K)d into (he txlrav istular tivucs results ui a hncf [icnod in which (he 
V oeuLir uni Hs.uc coinixirtmeiit in, not in tquihhniun It Ins been 'ugge ted 
tint the hg pliase occurs, bccau c hormone trau'fer from v'ucular to tis^sue 
compirtmciits proceexis m »re ripidb than iit tlie oppo itedirection 

Couvcr-ion pnxluets of cortisol (made by fibroblasts) then return to blood 
ind come into eqmiibnum vviiii the free compound w> tint these tissue products 
are equal to ^moiint‘1 of free cortisol m blood When this ‘^tate exists both blood 
conccntnlions of hormone and lymphocyte levels are in homeostasis The con 
cept of relitive idreiiocortical infeulEcieiicj implies that the rates of synthe-is 
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and releaHJ of cortico teroids maj not be unpaired but that the rates of in 
actuation at multiple Mtcs are increased beyond the capacitj for «jnthe i& 
Thu« Ijonphocyto is can occur when there i» a normal or e\ en increased output 
of adrenocortical steroids if hormone inactuation reduces the amount of free 
cortLsol below stati ticallj normal leads This appears to be the case in thjro 
toxico IS* accompanied bj a lymphocytosis where thyroid hormone enhances 
corticosteroid inactu atioii m the h\ er** by reduction of ring V 
The normal diurnal \anation of lymphocy'tes and eo inophils follows do eiy 
the fluctuations in adrenocortical steroid output* \1I leukocyte le\els follow 
diurnal fluctuations that are dependent on adrenocortical secretion * The diurnal 
aanationismo thkely due to a fluctuation iiithcde tniction of cells rati erlhan 
bemg due solely to mitotic inhibition The a'anation dunng the day m rate® of 
hormone output and inactuation regulate the changes in numbers of leukocvtcs 
In turn the leaels of blood lymphocytes and eo inophils are mdicators of the 
ratio of syiithesis/mactuation of adrenocortical hormones 

LaupuocYTE Size 

Both the number and the size of mature lymphocytes of the blood are under 
corticosteroid hormonal control * In the adrenalectomizcd animal the lympho¬ 
cytes increase m diameter They increase to a <ize greater than that mean found 
for intact animaL but do not undergo a progre-vue iucrea‘>e \ctually this 
increase is because there is a ^mailer random distribution of «izes The large t 
cells are no greater than the brgest celb of the uitact animal 
It IS obaious that in the ab«ence of the adrenal cortc\ factors exist which 
bring about removal of lymphocyte® «mce the rate of production and the rate 


STRESS STIMULUS 



Fig 3 —The balance between p lu tarj adrenocort cal med ation of lj'inphoc\ te ^lIe 
and nonp tuitarj adrenocort cal mediation foIIowingaMre-^ct mulu^ Uten the two are in 
balance the mean diameter of lymphocytes is characten tic of nonstressed intact ind 
% duals 
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of destruction must be equal in order that the constant Ie\ el m the blood and 
tiis-Ues Jje maintained ^Vliereas adrraocortical secretions pronde one mecbanum 
bj uhich IjTnphocvtcs undergo maturation and e\eDtuil death and remo%al, lu 
the absence of this hormonal influence, other mechanisms tend to bnng about 
their dissolution and death Perhaps greater concentrations of cortisol per cell 
bnng about karjorrhexis and cellular death whereas m the ib-^nce of cortisol, 
Ijmphocj’tes swell and undergo Ij is 

Studies made m our laboraton and tho^e made by Heniberg^* luie *howu 
that the mean mphocyte diameter is small m Cushmg’s 'syndrome it is con 
sidembl^ larger than normal m patients haiing Addisons disease’* Vte ha\e 
measured the lymphocyte diameters in patients inlh infectious mononucleo'is, 
Addison s disea'^, and Cu hing a ''yndrome, also in normal subjects giv en VCTH 
or au mfmian of epuicphnnc * In each instance irheu the blood steroid leiels 
w ere higher tlian nonnal the mean ly mphocyte diameters were smaller 'W’hen the 
lymphocy'les increased m phase I m cpmephenne-treafed mdmduaU the lym 
phocyte diameters mcreased too In the ca^es of normal mdinduals gircn kCTH 
mtra\cnou.ly it was found that the reduction m lymphocyte population was 
almo'^tentuelj accounted for by a loss of <maU ly inphocy te»Thus weha\ethe 
surpnsmg ‘‘ituation of a marked reduction in the totil number of lymphocytes 
but actually a greater mean cell diameter This is because the larger lymphocytes 
(Type II DowTiey) arc more re istaut to the action of cortisol Therefore as 
hormone levels increase, the total number of cells becomes «nial]er but the 
proportion of the large ly mphocytes increases 

It should be cmpba.'':ised that the e changes m diameter occur for mature 
lymphocytes found in normal blood T\e do not assume (hat large iymiphocytes 
such 08 WG have descnbcd m detail m our publications are immature cells It 
appears from preliminary data tiut these large iymphocy tes are cells tliat hav e 
au increased water content with little mcrcasc in protein This would be an 
example of intracellular hvdratiou m adrenal uisufBciency 

Dissotimos OF LniFKOciTEs 

Changes in lymphatic tisoues and organs following adrenocortical stimulation 
or hormone adnuni^lratiou follow the same pattern as the changes m blood 
lymphocytes * kn enormous amount of information is avaiUiile on this 'subject 
and can only briefly be ‘•ummanzed here Fust of all cortisil and do ely rehted 
lymphocytolytic bonnones produce acute involution of tbymi, lymph node® 
spleens lymphatic nodules, and lymphatic a^regates Vcule involution as 
judged by lo'o of weight or lov. of nitrogen content, is followed by a rapid return 
to normal values \Mien cortisol is prc'^nt ui excess amounts for lon^tr periods 
of tune it mamtanis a continued sapprcs-iori of lyinphatic tissue mas- which, 
hke blood lympbocytes is rapidly reconstituted following the cessation <if 
stinmlation of endogenous hormone or of exogenoua hormone supply The hor 
mone mediated effects following -^resjors al'O are «imilar to thore found for the 
cells of the blood Even the severe lymphatic organ depiction during starv ilion 
Is stopped completely by adrenalectomy 

‘Similarly, lack, of adrenocortical hormone supply influences lymphatic organs 
m the same way is blood Ivmphocvtcs Following adrenalectomy, the menn 
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lymphatic tisaue and organ weight and nitrogen content increases until the fourth 
day following operation ” From this time until death, there is no further incre¬ 
ment AVhen adrenalectomizcd ammak are 'tre-sed, the rate of mcrement m 
IjTnphatic organ weight is faster than m operated animals alone, the organ 
weights are also greater than tho^e followmg adrenalectomy Thus, the oi^ans 
manifest changes 'imilar to tho e found during the l>"mphocj totic response in 
the blood 

Cttologic Responses 

The loss of lymphatic tissue mass has been attnbuted“ to three important 
effects of cortisol and related hormones (1) «heddmg of lymphocj te cytoplasm, 



Fig 4—Pha»e nucrocinematograpbic pictiu«s of 4K ascites lymphoma celU 4 dajs 
after implantation In vitro treatment mlb cortisol 0 000o6 nvig per leukemic cell 3 nun 
utes after treatment 


Fig 5—Same cells asm figure 4 20 minutei after treatment Notice the budding of cells 
Fig 6—Alv ascites hmphoma cells 4 dajs after implantation In Mtro treatment with 
4 ehloroprogc-iterone OOOOSmiig per leukenuc cell minutes after treatment 

Fig 7—Same cells as in figure6 lonunuteaaftertrealment Kaoorrhexisof Ijmphoma 


cells 
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(2) pykno«i& and karyorrhcxis, and (3) inhibition of nnfo^;!!, and heleropla u 
Some authors® ha\e questioned the phenomenon of cj toplosmic budding In our 
opuiion it i3 uuqueationabli a direct action of cortisol ou lymphoej tcs and has 
been recorded in \itro by time lap^ phase imcrocinematographj (figs 4 to 7) 
for normal and leukemic lymphocitw Ontiso! apparentlj reduces the =ize of 
)ymphoc> tes by inducing a •^heddmg of cytoplasm but the nucleus also becomes 
'smaller 

The loss of cytoplasm and ceil dmnkage probably proceeds with gre.iter 
amounts of cortisol to karj orrhexis and death The medium «ized and small 
lymphocytes of both blood and tu&ue are most ‘susceptible to thesj hormone 
effects “ Immature lymphocytes (reticular lymphocy tes) of the Ij mphatic org uis 
are extremely resistant to karyorrhexis and eicn ‘^hon no reduction m cyto¬ 
plasm “Later it n'os shown® th.it if animals nere treated daily w ith large iniomit‘^ 
of cortisol, lympbocy'tes became fen in number m the lymphatic oi^ins They 
remained pyknotic, but evidciice of cellular destruction nas not pre'cnt after 
'^teral days of treatment The reticular lymphocytes and reticular '•troma cells 
Mere morphologically unaffected \o mitosis or eiidence of hetcropluia %\as 
present Upon stopping hormone treatment resumption of nuto is and ipp irently 
a return of cytoplasmic growth m pyknotic lymphocytes occurred 

Many authors* ha\c confirmed the mitial report'* that adrcnocorttc d steroids 
inhibit Ijmphocytopoiesis Pfeiffer** has dcmoiutratcd that there is a log do-^j 
linear repression relationship betueen do e of cortico) and number of mitotic 
figures m the thymus This important quanlitatiie procedure reems to t, t ibli h 
once and for all the capacity of cortisol to inhibit mito xi and brings the ictioii 
of this hormone m hue with its other pbyMologic effecL® (do'crapoii'e phe 
nomena) 

It IS apparent that Io«» of lymphocytes from blood is at lea-t lu p irt rtl i(cd 
to the de^tniction of lymphocytes, «mce all Nmphalic orjyjus di pby lo^s of 
cells lo** of protein, and loss of weight following ciirtisol admmistr ition * Micro 
«copic evidence shows lymphocytic karjorrheus and diminution in numbers of 
mlto^es Therefore it has been suggest^ that acute Ivmphatic orgin reduction 
Is due to cellular destruction, md that more prolonged weiglit h s is due t«) 
uihibitioii of heteroplastic growth and mito'iis of lympboivtc as well as to 
celluLir destructiou * 
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Discussion of Regulation of Ljmphocjte Production 


W Dvmecvhek Massivedoscsof 4CTH 
and corticosteroids in acute leukemia often 
produce a remarkable remission From this 
it appears that massiv e do-es of thcae 
Olds arc antiproliferative, not only m 
lymphoid but also in granulocviic Icuke 
mias 


In patients with large masces of Ivmph 
Old tissue in lymph nodes and spleen due to 
chronic lyTaphocytic leukemia or general 
ized lymphosarcomatosis, and in whom 
xray therapy and the vanous alkviatmg 
agents are mtSeetive, the admlnl^tratlon of 
mas^ne do'cs of corticosteroid-, 200-509 
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lug o/ prednisouc dajh, has produced 
ilramatic respons.'s Suniiar effects aia> be 
obtained mesrlj case# of these IjTuphocjtic 
prolifeniti\e diseases It Mould «eein then 
tliat corticosteroids are antiprolifcratu'e 
agents—perhajjs tbej are antimitotic ib a 
broad sense tliej maj be construed to be 
antunctabohe not «pecifical!} like the 
known antimetabolitca but uv a general 
waj At the <531116 time these agents maj 
bring about an increase m bone tnanow 
cells perhaps related to the fact that the 
Ijmplioid tissutb arc le&s acti\e perhaps 
[or «<ime other reason that we don t knov\ 
The-se observations niav have <50016 relc 
vance to observations on the effects of 
adrenocortical hormones on the immuno¬ 
logic state particularly in autoimmune dis¬ 
ease Recent ob<5enatiorM suggf't tliat the 
immunologic 'itate and the prolifcntivc 
state tliat w e know of us leukemia hav'e sev 
era) common denominators The> may 
function ui much the same w ay or at least 
iuvo some relationships in commoiL Tlie 
autoimmune <5tate is a self replicating pro- 
lifcmtion IB which aboormal proteins are 
produced and the corticosteroids liavc a re 
markable effect nhen given ut large doscs 
m thc«e conditions Recently in line with 
thc<c ob ervations Schwartz in our lab¬ 
oratory demonstnitcil tint the immune 
state may be affected by the u<e of a spe 
Cldc antimetalmbtc f>mcrcaptopunne 
again bringing up the idea tlut the im 
munologic state la a proliferatii e ^tate 
These obscrv atioos may ha\ e some Iwanng 
on vrhat lias been stated here 

J M Aoffev The IvTQphocy tc3 do un 
doubtedlj form an extravascular pool 
winch tnoyes at an unkno vn speed through 
the tissues ^ e can fc a&^ign any functions 
to it but it ■‘dcaddy moves back to the 
blood «tream through the peripherU lym 
phatics 

The question of large and email Ivmpho- 
cvtcs which aro'e out of Dr Craddocks 
paper higldights the miportanec of not 
tramlfltmg results bodily from one animal 
to another At the 'ame time I am <5onMi 
wliat surpn«ed it lus high proportion of 
large lymphocytes Our own data and tliat 
of Rous* on dogs some years ago gave a 
figure for large Ivmphocvtcs in the dog of 
about»to 7 per cent 

\ a GonooN Dr Douglicrty havcvou 
con«iderwl the possibility of a peripheral 
antagonism lictw cen tctraliy drocortiaol an 1 


cortisol actmgat the level of the lymphatic 
tisaues^ Is it conceivable that the condition 
of the lymphatic tissues is deiieadent not 
only on the amount of cortisoI but also on 
Uie quantity of naturally occurruig and 
pos^ibh antagonistically acting steroidsre- 
Dted to the tctrahvdro denvative’ Have 
you ever in;ected tetrahydnxortisol by it 
self to see w bctiier an effect is producctl on 
the h mphoey te picture similar to tlut fol 
lowmg adrenalectomy ? 

T DocGHEntT We gave t irtisol m 
rio-cs cqmvalent to other hormones to see 
whether we got synergism or antagotn m 
So far we haven t been able to how 
either Tetrahy dni atone in normal or adn. 
nalc-ctomized annuals produced no effee t on 
tlic Ivmpliocvtos \Vlien wc give tetrahv 
dnI plus coHinoI vre don t <5eeai to block the 
action of cortisoL This doc=n t mean there 
might not be some effect Re have found 
only one steroid compound L, that bos an 
effect on Ivmplutic tjSi.ue and this docsnt 
sc-etD to be a penplienil autagonisin 

L S Keu-t Dr Craddock doco the 
•pocific aclmtv for lyiuphocvles m blood 
evintuaiiv get almost os high as that of the 
granulocytes’ 

C G CnAPDOCx The specific activity 
in the blood ouv reach levels approuuia^ 
mg that m the lymph but not at the some 
tune It reaches lev els almost as high a the 
granulocviea but tins docs not peru t 

L S IvrtLv This is difiicult to reconcile 
niU) the thymidine results where one finds 
a much smaller fraction of total iympiio 
cytes than granuloevtes labeled at the 
peak tunes The early nse of specific attiv 
ity 10 lymt^t is presumably due to hliei in 
the larger cells but it is surpn mgh high 
when one con_idefs the 'null proportion of 
large cells 

C G Cr.U}OOc(: Dr RcHv in the mon 
gtel dog the percentage of cells cajiahlc of 
labeling with H* ihvinidine or incorporat¬ 
ing P**» around 1D to 20 ix-r cent which is 
much higher than m the rat mou^c or 
guinea pig 

\ P Bond In our cxpencnce with dogs 
the Ihoraeic duct lyaniJi contaui-s onh 
aboutapcrccnt Libeled cells wluch is lower 
than that rejwrted by Dr Cra Idock 

I shoid I like to comment on our stu lies 
on the fate of lalxled cells in the iHjnpheral 
blood at Iea.t some of which an. Icnved 
from thoracic duct IvTnph In iiutia] studies 
we noted large mi nonuclear I’cll# m the 
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penpheral blood of humaa beings that la 
beled in Mtro with tntiatcd thvmidme 
\Mien w e cannulated the thoracic duets of 
dogs we found labeled medium and large 
ljmphoc 3 'tcs withm hours of thj'midme m 
jection Dr 1:0110% and others ha\e con 
firmed and reported on thia at our meeting 
here In the human being we arbitranl\ 
dmded the t\ pes of cells found in the pe 
npheral blood into fi\e cat^one^ purely 
on a morphologic basis I shall sa^ now onl> 
tliat all of the cells that label in Mtro are 
large mononuclear cells We have not seen 
what we consider a small IjTnphocyte la 
bcled after incubation for one hour in the 
test tube We find more of a \anet\ of 
labeled cells in the penpheral blood of man 
than m animals and it is quite probable 
that all of the cells that we see labeled in 
the penpheral blood of animals are IvTupho- 
cj-tic in character 

Thj-uudme was mjected into one of a 
pair of parabiotic rats while the connectioo 
between the two parabionts was cbmped 
oS After one hour the cbmp was removed 
and the labeled cells allowed to travel from 
the donor to the recipieohammal The re 
cipient animals were sacrificed at various 
tune interv’aU Doth normal and irradiated 
rccipuots were used 

Labeled cells have been found in all re 
cipients In the peripheral blood of both 
donor and recipient bbeled large and me 
dium Sized mononuclear cells were found 
binular cells have been found in the bone 
marrow spleen and J^Tnph nodes of the 
recipient In the marrow «p!eea and^mph 
nodes of the recipient brge mononuclear 
cells were found which morphologicall> ap¬ 
peared difi'erent from those seen in the pe¬ 
npheral blood of donor or recipient More 
of these morpbologicaJh different ceils are 
found m irradiated recipients than in nor 
mals particubr]> 24 hours following ir 
radiation and the injection of thj'midine 
into the donor Me have not been able to 
identifv these cells positively However 
thev do appear to be distinctly different 
morphologically from those setncircubting 
in the penpheral blood 'vo bbeled celb in 
the recipient ammals have been seen that 
could be identified positively as ervtbroid 
or myeloid precursors It is possible that 
thece cclb may be plunpotential in chaiac 
ter and may represent transitional ceUs 
however it is equally possible that tb^ 
may be wandenng ph^ocvtic cells 


"M M \\ iNTROBE I would like to raise 
one pomt of the many that trouble me 
namely the reference to large medium and 
small lymphocytes 1 am not sure what 
people mean when they talk aJjout the«e 
nor do I know their sigmficance Many 
years ago Wiseman tned to classify 
lymphocytes as young mature and old 
more or less on the basis of size buch a 
classification has now been given up by 
most clmical liematologists because there 
ate so many unknowns Do we know that 
there are three categones of lymphocvte* 
or are those possiblv gradations of the 
same celP 

In addition to the uncertainties which 
exist concermng the significance of the 
morpiiotogic variations in Ivmphocvtes 
which one admittedly sees it is verv con 
fusing to bear investigators refer to differ 
ent types of lyinphocytes without stating 
exactly what they mean This I am afraid 
IS abo a sad commentary on our methodol 
ogy as well os on the state of our knowl 
edge on the one hand we use analog 
computers and mathematical devices and 
we talk about thing* with secmmglv great 
exactness on the other liand we talk *o 
loosely about cells 

C P Leblond I agree with Dr Dm 
trobe that whoever *peaks of a t«ll should 
give quite precise operational criteria This 
was done m my paper smee two Mtdes wnth 
pictures of large medium and *mall Ivm 
phocytes were *hown and each cell was 
defined bv" sue and appearance 

The destruction of lymphoevtes bv 
means of adrenocortical hormones is a wav 
of dying that may occur in all tissues and 
may expbm why these cells hav e to be con 
tinuously renewed These hormones may 
havemore subtle effects Thus Dr Kellys 
group showed a rather unexpected phenom 
enon WTien large lymphoevtes were incu 
bated in lymph there was a great deal of 
labeling with thvmidme but when incu 
iiatcd m blood there was no such labeling 
Is it possible that there might be a higher 
concentration of adrenocortical hormone m 
blood than m lymph thua cxplaimng wbv 
the cells divide less readily m the former 
than m the latter? 

Another important pomt is the mccha 
nb>m by which the cells die Dr Dougherty 
mentioned that he saw pyknOMS and a IoeS 
of cytoplasm It is known that if vou look 
at lymphocytes under the phaae contrast 
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nucroscope, jou occasionally sic a Joss of 
cytoplasm, but I had the fcehng that vrtthm 
a ®hort tune the cell zniohcd was about to 
die !« not this cytoplasmic loss just an 
other phenomenon, like pjknosis, mdicat- 
mg that the cells are going to die? In any 
case, would Dr Dougherty gi\e us his 
opinion of the effect of adrenal hormones 
on lymphocytes in vitro? Can. he produce 
their death m tbs manner? 

T Doughehty I agree entirely with 
nhat Dr ^^introbe said, and want to em 
phasizc the fact that I allowed a frequtney 
distribution which gaie the iize m microns 
of the cells He distinguished between the 
large, medium and small lymphocytes of 
tlie tissues as opposed to those ^ the blood, 
indicating the fact that one uses two quite 
different technics, and under one set of cu 
cumstancea you might be dealing with a 
lery different tvpc of cell from a physio 
logic standpoint than y ou do in another 

The phenomenon of Iom of citoplasm 
was desenbed many years ago Our point 


has been that in the presence of certain 
adrenocortical hormones, the rate at which 
this cient occurs IS niarkedh enhanced It 
has been «!uggc8ted there are other c\am 
pics of a similar plienomenon This is one 
way that milk, is secreted aud we ciU it 
apoenne setretiou In other words, it un t 
a phenomenon that exists only m lyTnpbo 
cjtea, it eia^ts m other cells \\eha\ese\ 
eral miles of motion pictures of this and I 
w ish that w e liad timo to show this pheuom 
cnoQ going on and the remarkable rate at 
winch steroid hormones pull off cytoplasm 
from cells which apparently go on living 
for four or five hours 

L M ToexvriNs Isn t there some anal 
ogy between the sloughing of wbch you 
speak and the slougiung of platelets from 
EDCgaka ry ocv tes' 

BCFCRENCE 

1 Rous, F P Some differential counts m 
the cells m the hmph of the Jog J 
Exper Med 10 S37, lOOS 



Production and Life Span of Platelets 

T T Odexl, Jb and Bonmi, \nderson 

^T'HE EXPERIMENTAL RESLLTS desenbed here are an extension of 
pre\nous labeling technics designed to «tudy platelet production and life «pan, 
rather than to provide information about the actual regulation of platelet re 
ne'val about which very little la known Information on regulation of platelet 
production has been summarized b> CroiiLite * 

In addition to previomly dc enbed methoda for determmation of what has 
been called the life «pan of platelets in the penpheral blood * * we used another 
tcchiuc that is not subjeet to some of the cnticisms brought agam t former 
methods V radioactiv e label, N*i^*K34 was injected daily intrapcritoneally into 
rats to maintaui a constant dadj pool of label ui the anmial (143 fiC fir«t uijec 
tion, 100 ;ic thereafter) Injections were continued for a period longer than the 
pre'iumed life span of the platelets Rats were killed at uitervals and the radio 
activity of the platelets separated from theu blood was determined The results 
of two such experiments m rat» are «hown in figure 1 Platelet activity increased 
for five to SLX da>s after the mitial isotope injection, and then leveled off The 
plateau indicates that new labeled platelets entering the circulation were merely 
replacing the labeled platelets that were bcuig removed t»o that no further in 
create m total platelet r'idioactivit> resulted The time from the mitial injection 
to the plateau in tins expenmenl includes the periods of labelmg of platelets m 
the megakarjoc^tos tbcir release to the blood stream and their emulation m 
the peripheral blood Other expenmenis have indicated that some labeling of 
platelets may occur in the blood stream but that most of the labeling takes 
place in the megakarj ocytes * bmee lalielmg of the most mature megakarj ocytcs 
and thew dismtegration into pkiteleLs probably occurs quite rapidly the period 
from isotope injection to plateau of the curve should provade a fairly accurate 
estimate of the total life '■pau of platelets It is possible that platelets are held 
m the marrow for a ‘•hort time after their ongm but if ‘o it is probably for only 
a few hours Therefore their time of residence in the blood stream equals their 
total life «pan as defined above, minus any time «pciit m storage before release 
into penpheral circulation Extrapolation of the curv es m figure 1 back to the 
ab cissa sugge«its that J2 to 24 hours jnay be sibtractcd /roro the uyeetjon to- 
plateau time to obtaui the circulation time of the platelets ThLs gives a survival 
time of platelets m the blood of about 4 o day% about the same as that found 
with vanous other methods Similarly, one can determine ■'umval time of 
platelets m the blood from lhe*< curves by findmg the percentage uicrease per 
day, and thereby the number of days required to completely replace the circulat 
ing population In the*e expenments the daily increases were about 22 per cent 
and 23 per cent, re pectively, thus penpheral survival time was 4 o or 4 3 days 
This method avoids any pnor handling of the platelets in contrast to platelet 
transfusion axpenmciits and the results are more easily mterpreted than in 
expenments in which the increase and deebne in activity of platelets is measured 

From the Biology Division Oak Ridge National Laboratory Oak Ridge Tenn operated 
by IiDion Carbide Corporation (or tbe U S Atomic Energy Commission 
2-8 
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Fc<3 1—Specific acCivit} of ptateleta of rata injected tntli S’* lat>e2cd sulfate Cach 

point repte^cnls the average of l«o amiaala 

after a single mjection of an biotope bbclcd compound The Utter disadt untage 
docs not, of course, apply to P® labeled dnaopropjlfluoropbo'-phonate (DFI’*), 
\>hjch IS belteted to be rapidly bound to circuUtmg platcleis nther than meta 
boltcally incorporated mto them It has been s)lu^^u that injected «ulfate is in¬ 
corporated m platelets into a mucopolysaccharide iLit is similar or identical to 
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dom loos exponential cune dcacnbiog removal of platelets entirelj by ran 
dom loss can be drav\ n through the experimental pomts 4. cun e depicting about 
40 per cent to oO per cent loss per day would fit the pomts reasonably well but 
a much greater or smaller percentage loss per day would not be consistent with 
the data 

It IS difficult to interpret data of the kind pre-^nted here m the case where 
both ■=ene'cence and random loss are takmg place Such a situation would be 
de»cnbed by two exponential curves, one succccdmg the other The pomt of 
change from one cune to the other would occur at the time when '^eneocence 
began to make up part of the loss of labeled platelets In vnew of results ob 
tamed by other methods, it appears that random loss is not a major factor m 
removal of platelets from the circulatory s>stem The results with DFP“ m man 
are a good example * If this is accepted our interpretation of the data obtamed 
with regard to life ‘■pan hould be essentially correct 
The accumulated information indicates removal of platelets from the cir 
culatory ‘^tem by sene'cence, with little or no random loss \ et this seems a 
somewhat unusual finding when one considers the function and metabolic state 
of platelets Be ides taking part in the process of blood clottmg platelets have 
some function ui the maintenance of the mtegnt> of capillary walls as seen in 
irradiation expenments and other thromboc>topenic states In view of their 
lack of a nucleus and their presumed lack of a very active metabolism it seems 
cunous for them to undergo a maturation period of several da>s m the blood 
stream before use Perhaps a «[ovr accumulation or loss of some material brings 
about their eventual extinction 
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Discussion 

E Adixson Tagging platelets lo vivo used up in coagulation Me find much 
wc found random destruction 10 per cent shorter'urvival® perhaps three davs when 
levels being reached in “even to fourteen platelet transfusions are given to a man or 
daj's We beheve that coagulation is going animals with a hjpcrcoagulablc state e g 
on contmuallj and platelets are actualiv postoperative On the other hand when 
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platelets are transfused into (he hj*poco- 
agulable individual in this case humans or 
animals on dicumarol the cur\e is more 
linear Tins ne feel is due to a decreased 
utilization of platelets m coagulation 
platelets now die from sencoccncc 

Could some of the labeling Dr Oddi ob- 
«ier^e!> be duo to absorption onto platelets? 
Have any studies been done on platelets 
incubated m iitro with sodium sulfate’ 
found that inorgaiui. sulfur does sticL to 
the proteins It isnt incorporated mto 
anuno acids but it hooks on perhaps 
through a tyrosine group This was shown 
m the early work with imulin tagging 
Could this nse in platelet radioactintj sun 
pK be due to a nae in the plasma sodmm 
sulfate levels’ How docs Dr Odell know 
that 100 fdC a dai are cleared’ Hon docs he 
know that it un t a budding up of the so¬ 
dium sulfate level? Could it bo «imph that 
the plasma proteins arc mcreosiog in sulfate 
actmtv and. absorb onto the platelets? 

M BaldUiT ^^e^c platelet* from polj 
cyilieniic patients lo these expen 
mentB’ In out experiments on «urvi\al of 
human platelets labeled with Cr^ we al 
wa)8 found platelets from nonaal subjects 
were lost from the circulation in a linear 
fashtOQ Hoiveier using platelet* from 
UirDmboc>thciuic patients (pohcythemia 
vera or chrome granulociTic leukemia) the 
eunca obtained were exponential 
E Adelsqx Man and normal dogs 
T T OoELL I am i-erv interested m 
these curves of random lOo* bccau*e this 
seems more set^iblc than w hat I hav e called 
sene«cente However Leeksaia and Coheoi 


obsened linear loss with DTP** which i» 
nmipatiblc wiUi •'cnescence rather tlian 
random loss 

bulfate goca onlv into mucopolj^ac 
chandes not into amino acids In extract 
the suifafed ciucopoIj'saLchandes from 
platdet* we hai e used either tr} or so- 
dium hydroxidr which‘^parate mucopol^ 
saecha^es from protein We removed the 
remamuig particulate material bv centnfu 
gallon klmo t 100 per cent of the sulfate 
was m the supemate It was nondialvzable 
and uos m the mucopolv acchande frac 
tion so I think tlut the sulfate was in 
corporaled into mucopolv sacchande 
In the expenments presented the plate 
lets were wasted two to three tunes with 
sahne following <4panition from the blood 
and pnor to counting We did serial plasma 
determinations and the plasma actmtv 
plotted out as a prettv good horizontal line 
indicatiog a constant pool sue Tlis plasma 
level the drstdav wasbelov tbcSnallevcI 
1 prefer to call u bat w c measure survival 
rather tlian life «paQ e hav e been is the 
habit of caihsg it life span but if you called 
It survival vou avoid pcv«uppostQg either 
random loss or ^»e«ccnce Ifvou peak of 
life S 5 )an in any population you must rccog 
nue tliat all cells don t have exactlv the 
same survival time 
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dom loss \ii exponential curve de^^bing removal of platelets entu^Iy by ran 
dom loss can be drawn through the experimental points K cun e depicting about 
40 per cent to oO per cent loss per day would fit the points reasonably well but 
a much greater or •^mailer percentage loss per day would not be consistent with 
the data 

It IS difficult to interpret data of the Lmd presented here in the case where 
both senescence and random loss are taking place Such a situation would be 
de'cnbed by two exponential curves, one succeeding the other The point of 
change from one cune to the other would occur at the time when senescence 
began to make up part of the loss of labeled platelets In vaew of results ob 
tamed by other methods it appears that random loss is not a major factor m 
removal of platelets from the circulaloiy ^stem The results with DFP“ in man 
are a good example * If this is accepted our interpretation of the data obtauied 
with regard to life «pan '■hould be essentially correct 
The accumulated information mdicates removal of platelets from the cir 
culatory «istem by senescence with little or no random loss Yet this seems a 
somewhat unu^^ual finding when one considers the function and metabolic ^tate 
of platelets Besides taking part m the process of blood clotting platelets have 
«ome function in the maintenance of the integrity of capillary walls as seen in 
vnadiatioB expenmenta and other thromhocytopenic states In view ol their 
lack of a nucleus and their presumed lack of a very active metabolism it «eems 
curious for them to undergo a maturation period of several da>s in the blood 
stream before Use Perhaps a «Iow accumulation or losS of «ome material brmgs 
about their eventual extinction 
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Discussion 

E AdelssON Taggmg platelets m v^vo used up m coagulation e find much 
we found random destruction 10 per cent shorter survivals perhaps three da vs when 
levels being reached in '=c\en to {ouiieen platelet transfusions arc given to a man or 
daj-s We believe that coagulation IS going animals with a hjpercoagulable state eg 
on continuallj and platelets are actuall> postoperative On the other hand when 
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platelets are transfused into the hypoco 
agulable mdwdual, m this ca^e humans or 
animals on dicumarol tlie cur%e is more 
hnear This ive feel is due to a decreased 
utihzation of platelets m coagulation, 
platelets no% die from <eiieocence 

Could some of the labeling Dr Odell ob- 
ser^es be due to absorption onto platelets? 
Have anj studies been done on platelets 
incubated m ntro u ith sodium sulfate’ V\ e 
found that inorganic sulfur does stick to 
the proteins It im t incorporated into 
anuno acids, but it hooks on perhaps 
through a tj ro«inc group This n as shown 
m the early work mth insulin tag^^og 
Could this nse in platelet radioactmtv sub 
pl> be due to a n‘% m the plasma sodium 
sulfate levels’ How does Dr Odell know 
that 1OO /ic a daj are cleared’ How does he 
knov, that it isn t a budding up of the so¬ 
dium sulfate le\-el’ Could it be sirupls that 
the plasma proteins are increasing in sulfate 
activnU and absorb onto the platelets* 

M Baldim ^^erc platelets from polj 
cvtlicnuc patients us^ in these evpcri 
ments? In our cvpcnmenta on sur\n\al of 
human platelets labcteil inth Cr" ire il 
wajs found platelets from normal subjects 
were lost from the circulation in a linear 
fashion However, using platelets from 
throrobocj'tbemic iiaticnts (pohtjUicmiA 
^era or chronic granulocjtic leukemia) the 
cunes obtemed nere etponeotial 
E Adelson Man and normal dogs 
T T Odell I am ^erJ interested m 
these cunes of mndom loss because this 
s^msmorescmible tliann hat I haic called 
scncscente However Lecksnia and Cohem 


obsened bncar loss mth DTP*- which is 
compatible with ‘»cncs:ence rather than 
tsndom los;. 

Sulfate goes onlv into mucopolj-<ac 
chandes not mto anuno acids In extract 
lag the bulfated mucopolj-'acchandcj* from 
{datelets we hai e used either trvpain or so¬ 
dium hydroxide which separate mucopol\ 
sacchandei from protein l\e removed the 
remamiRg partauhte material by ccntnfu 
gation Ahnoat 100 per cent of tlie sulfate 
was in tlie supernatc It was nondiabzablc 
and was in the mucopolj saccliande frac 
tion ^ I think that the sulfate was in 
corporated into mucopoiysacchande 
In the experiments presented the plate 
lets were washed two to three tunes \nth 
saline following separation from the blood 
and prior to counting l\cdid enal plasma 
determinatious and the plasma actuits 
plotted out as a prctti good bomontal hoc. 
indicating a constant iK>ol The plasma 
lexcllhefir^t dax was below the final Ic\cl 
1 prefer to call w hat w e measure «ur\ it ul, 
rather than life ‘‘pao W e ha\ e been in the 
habit of calling it hfc -pan but if \ou callwi 
it«U(%i\al yxiu aioid presupposing Cither 
random lo^e or senc&cence If xou of 
life span in any popuUtiou xou must rccog 
mze that all cells don t haie exactli the 
<^une xumxal time 
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Regulation of Cell Proliferation 

Bn Edwin E Osgood 

•^HE ALTHORS DISCLSSION of the kinetics of cellular proliferation has 
appeared in a number of papers * ** “ In this article all of his 

concepts on the subject will be presented in outhne form, citing onlj such new 
references as were not cited m the previous papers, and making the treatment as 
general as possible 

The majority of cells of any •^es m multicellular organums ha\e measured 
finite life'pans'* and are incapable of duTsion, the«e will be called n cells ’ 
and their normal hfe 'pans T ” The cells of each 'enes that are morphologically 
and biochemically most pnmitue do dmde and mamtain somatic genetic 
continuity The'e w ill be called alpha cells ’ Smce the n cellproduced by the 
alpha cell there mm>t be a pomt of bifurcation, a division producmg one alpha 
cell and one n cell, this will be called (alpha, n) division it leads to antbmetic 
increase m cell number Some alpha cell divisions lead to production of two 
alpha cells '* The'e wall be called (alpha, 2 alpha) div i&ion Each such div i«ion 
will double the total population of celb after (alpha n) divodions hav e reached 
equihbnum Each cell division of an> tjpe” adds one cell not two to the number 
present prior to the division 

Increased cell division occurs with the decrease from any cau&e of the mature 
n cells, as was effectively illustrated m the leulopbercsis evpenments of Crad 
dock * Vbo, Mce versa, increase m mature n cells decreases cell division in the 
alpha cell The t> pical example of this is the effect on erj throc> te production of 
blood transfu'ion to a normal mdividual Shortening of the life 'pan of the n cell 
leads to mcrea'ed proliferation, even when the number of u cells is normal as 
illustrated b> compen'oted hemolytic anemia Malignancy is characteristically 
associated with an increased proportion of dead cells As Ro'e** has pomted out, 
fresh or hving adult organ or tissue inhibits proliferation Teir** has 'howm that 
old or dead adult organ or tissue stimulates proliferation of the corre«pondmg 
tissue In tissue culture fre^h, normal 'crum is inhibitory* ** old or diluted 
fresh'erum permits growth Inman fresh transfusions inhibit leukocy tes bank 
blood docs not ** Lnstable 'pccjfic inhibitors have been demon'trated for kidney 
and hver by Saetren ** Many stable, le's 'pccific stimulators of cell prohferation 
are known, eg, hormones, and erythropoietins* Malignant proliferation is 
characterized by a constant decreased ratio n/alpha Ml other proliferations are 
characterized by a tran«ient decreased ratio of n/alpha which is followed bv an 
overcompensation with a transient mcrcased n/alpha ratio 

Growth of unicelluhir organisms is of the 'emiloganthmic type where both 
cells re ultmg from a divi'ion are capable of dividmg again Normal growth m 
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mammals is of the log log tjpc *® not senuloganlhmjc Increase in cell number, 
when onlj the most mature cell of i senes is miseing, is anthmetic “ This 
again is well illustrated in Craddock’s graphs* There la usually an oicrshoot 
mth a damped oscillation ui return to the stcad> state after recoierj from 
perturbations The initial rate of k labeling far exceeds the rate of net new 
cell production' 

To preserve the chamctcnstic life spans for the n celU of each senes aud the 
factors that regulate their growth response, transmission must lie bj the genetic 
material of the cell, both throu^ the gametes to the progeny and from the 
fertihzed ovaim to the somatic cells In other words, the ultimate control of the 
growth, both of the soma and the species resides in the genetic material of the 
cell* ** 


Concept of Grovvtu Regglatios 

Pnmartj regvloUon^ “ “ ** ** t» general and applies to each cell senes It 

consists of a pair of specific feedback inhibitors of cell dnisiou produced bj the 
Q cell of that senes and alTectuig only the alpha cell of tlut 'ene» 

Mathematicillj for each senes m each species, cells with the properties de 
scribed for the alpha and n cell are necessarj, and the n cell must lie dcni ed from 
the alpha cell In other w ords, there must be a point of reparation, ui (alplia, n) 
division kny du i.ions that ma> occur m (be u cell (n, n di\ isiuus} arc lost to 
siomatio genetic continuity and necessitate a corresponding decrease m the 
duision nte of the alpha cell to mauitam the constant n/alpha ratio observed 
in the bteadj stite m the healthy adult The ilpbacell, which lau durct descend 
mt m evolutiouaiy time from the unicellubr organism, retains the capacity of 
the unicellular oiganism for (alpha, 2 alpha) divLioiis, but with tlie coming of 
the multicellular organism', it developed the capacit> for (alpha n) divi ion« 
It is this latter tj-pe of division that occurs almost e\clu.-ivelj m the hcilthj 
adult to maintain the steady Btatc 

Every (alpha, 3 alpha) div isioii ultimately not onl> doubles the population of 
alpha cells but also doubles then cells and their products Even 30 suth diva ions 
would mercase the total mat* by a factor of a mdhon Such div L.ion<5 are there 
fore exceedinglj rare ui the health^ adult occumng onlv frcfjuentli cnougli to 
replace alpha cell 10's The corresponding n cell eiriy in ddTereiituUicm pnxluccs 
a specific unstable inhibitor of this (aJph», 2 alpha) tjpe of muKiphcation, which 
is mamtamed at an eijuilibnum concintiutton in the steady 'tatc L.itcr ui 
differentiation of the n cell a ‘•pccilic unstable inhibitor of the (alphi, n) (>pc 
of diVTsiou Is produced, rc.ichmg an Cfjmhbnum coiicentralum w hith ui tonjunc 
tion with the fixed upper Imiit of n cell life 'pin maintains the normal n/ulpli i 
ratio observed in the 'tcady 'tatc for each ctU 'oncs m each '{khiics I’rcVLiitiou 
of fecdiiack, removal of nniturc stages, or carlv dt Uli of tlie n cell h ids to \ 
decrease m the equiiibnuin concentration of minintor 

ThcM? n cell-produced inhibitors have an dogs in the inducer*, evocators uwi 
organizers of tmbrjomc development, winch are aL'O liuinoral 'ub'-tince^ pnv- 
duted bj noiieiid»>crme ctHs influencing growth ** \n> aluntiun of ti»e gvnttic 
maten d m the ^nn-itic dpha tell «rf a 'cnu« which leads to t irl> di Uh of the 
corre pomliiig u cell m.iv rc'uU in a spectrum of ncopLisnis of nirn |xinding 
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cellular tj'pe, from the mo«^t acute, rapidly progres»iie malignant tumor to the 
most slowly growing benign tumor, depeudmg on how early m the life =pan of 
the n cell death occurs E\ eiy alpha cell di\ ision gi\ es some nst of such a genetic 
alteration This maj be a true mutation, a gene deletion, a chromosome change, 
or an alteration m a pla<ma gene, but it must be genetic and it must be m the 
alpha cell A lowered local or ^stemic concentration of inhi bitor increases the 
likelihood that such a change will be expressed as a neoplasm, «mce adjacent 
normal cells producmg inhibitor would otherwise tend to keep ■mch growth m 
check 

Each alplia cell for growth requires a suitable enmronmcnt The importance 
of an ecology of cells and microenvironments are well documented both m tissue 
culture^ ** and m the body ** Differentiation probablj results from sequential 
inhibition of gene expression by similar feedback mechanisms,“ but it is not 
rex ersible at the n cell «tage What has been called dcdifferentiation and matura 
tion arrest, actually represents early death of the n cell** xnth a resultant 
differential rate of multiphcation by the alpha cells 

The predi'posing factors for uncontrolled proliferation—m other words 
malignancy •*—are factors increa^mg the nsk of genetic change such as hyper 
plosia or mutagens, or factors tendmg U» lower the concentration of inhibitor 
reaching the alpha cell, such as hypoplasia isolation, or protection from diffusion 
All knoxvn carcinogens fall m one or the other or both of tbe>e categones 

Secondary regvlalton la a correlation mechanism* * that tends to control the 
imcroenviroiiment of the alpha cell The same mechanism usually affects «exeral 
cell senes If chemical or humoral, the agent is produced by cells not directly 
related to the cells acted on The control may be a result of the physical and 
chemical cnxironmeut of the orgamsoi The action may be xanable on different 
cell types and tends to result in hyperplasia by per«^retion or by pertrophy on 
the one hand or hypoplasia, h>po-‘«;retion or atrophy on the other The 
‘iccondaty controls represent the fine adjustments that detenmne the rmcro 
emaronment of the alpha cell, xvhile the pnmaiy controls represent the coarse 
adjustments that determine the type and potential rate of multiphcation of the 
alpha cell between fixed limits of zero and the maximum capacity for the species 
and cell “^nes 

Examples of the <econdaiy controls include hormones, erythropoietins, Menkm 
factors, adsorbmg surfaces, neurogenic controL histamme, antigen antibody 
reactions, water, xitamins, electrolytes, nutrient'*, temperature oxygen tension, 
CO* tension, pH, oxidation reduction potential, and local and sy&temic blood 
and lyTuph flow Accordmg to the author’s concepts, these secondary regulators 
influence neoplasia only as their action results m byperpla«ia hypoplasia or 
alterations m diffu'-ion rate, in other words, only as they influence the nsk of 
change in the genetic material of the alpha cell or the lex cl of inhibitors m the 
microenxTTonment of the alpha cel! 

In all studies of cell growth, it is important to distinguish between the steady 
stale condition'* m the healthy adult of the “pecies and proliferation under condi 
tions m which the inhibitor concentration reaching the receptor locus in the 
alpha cell is reduced ^ e «-houId recognize that there is a maximum capacity for 
(alpha, 2 alpha) dix i ion and fw (alpha, n) dixTsion inherent m the genetic make- 
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up of the alpha cell We should al o cleirij distmgui^^h bet^veeu the tran lent 
altenitious m uihibitor level that tend to correct themselves and the neopla'^tic 
reductions m inhibitor concentration that could theoretically only be corrected 
by a life time supply of cither inhibitor or, much more promising, the missing 
factor necessary for the normal hfe span of the n cells '^e must also remember 
that for each cell senes m each species evolution has probably provided the 
optimal range of hfe spans for the n cell and the range of generation tunes for 
the alpha cell ^ both for (alpha, 2 alpha) and (alpha, u) div isions for that specific 
cell type in the specific speciea at tliat specific stage of growth and for the type 
of environment to which the species has been most recently required to adapt, 
in terms of evolutionary history There will be wide variations in generation 
time and n cell life '^pan inherent in ditTerent alpha cells of the same tissue and 
species, m the *ame individual and between indmduals, but for each of these 
factors there will be a mean value as well as a probabihty di«tnbution Un 
fortunately, this makes it impoa«ible to transfer data from one to another species 
or tiSfeue or even from one to mother growth stage within a species and tissue 

IxiPUcanoNS 

From these considerations the primary imit of growth is the expresMbIc gene 
complement of the alpha cell * Each gene complement not only will detenninc 
Uie protoplasmic mass and composition of the alpha cell but also will cany with 
It a fixed number aud compoaition of n cells and extracellular Suid and cell 
products such as collagen, bone cartilage aud other extracellular compounds 

The secondary controls pormittiug the rale and type of proliferation (alpha, 
2 alpha or alpha ti) is detenumed by the concentration of the re pcctiv e inhibitor 
reaching the receptor locua of the alpha cel! This local concentration of inhibitor 
lb m turn regulated by the ratio t /T X nVn, where T, is the normal life 'pan 
of the n cell up to the point of full production of the re«pectiv e inhibitor and ti 
is the actual mean effective hfe span The actual mean number of n cells within 
diffusion range of the alpha cells is n', and n is the corre'pondmg number of n 
cells m the normal 

In all conditions other thin neoplasia, ti approaches Ti as an upper limit 
In neoplasia, the upper limit of ti is less than T, In the noimd adult steady 
btatc the ratio is I 0 and corresponds to the normal equilibrium concentration 
of the respective inhibitor Note that the decay plus cxcretioa rate of the m 
hibitor must equal the production rate 

In the healthy adult (alpha, 2 alpha) divibioub mu‘'t be exceedingly rare only 
enough to replace alpha cell loss for each "such divvsion of all alpha cells doubles 
tile population of that senes and its products Only about 32 -uch divisions arc 
necessary for all fetal growth and 4 or 5 for all postnatal growUi * Ibe finite 
life 'pan necessitates many (alpha, n) divisions per alplia cell m the healthy 
adult duruig one life 'pan of Ibe n cdl, about 183 for the erythrocyte “ 
Becau=e they are separated m tunc only oiio of the'© per iJpln cell nxiy I>e 
counted even wvth the use of milostatica such is colchicine Only in alpha cell 
can start a colony m tissue culture,** or a tmn'plnut or a tumor /Ml n cells 
nutially present are dead by time T 

Vguig as pointed out by Failla * is the result of the accumulation of minor 
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genetic alterations m the alpha cell, leading to decreased efficiency m the produc¬ 
tion of essential compounds by the n cells Lethal alterations m the alpha cell 
are readily corrected with replacements by (alpha, 2 alpha) di% isions 
Genetic loss* without shortening of the life «pan of the n cell would neither 
explain the observed n/alpha ratios in malignancy nor the prevalence and vaned 
eiizj me content of malignant tumors Bare neoplasms due to loss of the gene 
for the receptor site or for inhibitor production are compatible with these con¬ 
cepts, as are neoplasms due to extracellular factors necessary for the normal life 
span of the n cell Pernicious anemia is an example of the latter 

The essential feature of this concept** is the shortenmg of the life span of the 
n cell due to alteration of the genetic material of the alpha cell Only the replace 
ment of the normally gene-produced missmg factors necessarj' for a normal life 
span of the n cell, in the sense that Bit does this for the pernicious anemia alpha 
cell, v\ould lead to a real control of a malignant neoplasm 
In conclusion, an attempt has been made to present a completely general out¬ 
line of the essential facts of cell proliferation, to summarize in conci«e sequence 
the concepts of a mean mathematical model, neglecting probability factors that 
would explain all these essentials, and to discuss the imphcations of the roles of 
the pnmarj and secondary controls, as regards normal and neoplastic cell growth, 
diHerentiatioUi and aging 
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Discussion 


H Dr 0 goal itis3ourcon 

tenlion that regulation of I enuc cells, occurs 
onl^ through regulation of the stem cell 
The oidcnce for this as 1 understand is 
that in the sleadj state the relati\e number 
of each cell t\-pe tn the marron is feed To 
adequatel> ai:^>zc a regulating ^stem it 
IS necessary to duiturti that gjistcin tran 
g entlj in some nay and obscnc hon it re 
turns to an equiiibnum Notbemgahema 
tologist I knoa little about bone marron 
belmoor However is it not true that if this 
sj tem a disturbed such as in infection 


the differential count docs not nmaia con 
stant’ If true it ®eeiDS to me this would 
argue agauist regulation tiirough the al 
plia edi alone but would argue for direct 
r^ulation of the rate of production of other 
cell types down the line as ncll 

E E Osgood I make no attempt to 
present the evidence here The evadence is 
presented in some fortj of our ixrcv lou* pa 
pers the references to which are given in 
our paper The D\A labeling technics 
however do not necessitate any changes m 
the bypothe«i« which I presented 
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Observations on tbc Regulation of Erytliropoiesis and 
on Cellular Dynamics by Fe** Autoradiography 

By Ed'waiid L \nd Donis Ciunmobe 

T!N 4 PREVIOLS REPORT on our earltcr results withFe” in the <tudy of bone 
-*■ marrow metabolism * the authors presented some of their hndmgs concerning 
the kmetics of maturation of the erjihroid elements as well as information on 
the kinetics of distnbution of inorganic iron Certain of the findmgs that were 
not completely imdei^tood then, ha\e been further examined and seNeral 
technics described there have been further de^ eloped 
The most troublesome aspect of our early work was in the finding that 'eiy 
large mcrca&es ui dail> output of erytbroc>tes could be ejected with onI> “mall 
if any, changes in the \anous parameters of maturation dynamics that were 
measured In this report further data bearing on this problem and our concept 
of a po&siblc model for regulation of eiythropoiesis are presented Because the 
“ubject of techmes u-ed in the study of cellular kinetics is pertinent the utility 
of Fe^* as an autoradiographic tracer for bone marrow studies is also discu&ed 

Methods 

All the following studies ha\e been earned out on joung adult mongrel dogs 
mamtamed on a laboratory diet after vetennary care for elimmation of parasitic 
mfestation and duea^e The dogs were anesthetized with vidium pentothal and 
bone marrow samples were withdrawn from their nbs or ischial crests mto a 2 
ml “jringe containing autologous hcpanmzed plasma All procedures* on the 

From the U S Nava] Radiological Defease Laboratorj San Francisco Calif 
* Cjtologic Criteria of Differentialion Erytkrahlatt Cell of 20-30 m diameter oval to 
round with a large nucleus 0 7 toOSof eell diameter Cj toplasm strongly basophilic giving 
a characteristic pnu lan blue color This is the most important differential characteristic 
of the earU cr>tbroid cell Chromatin of nucleus is rea^onablj finel> reticulated with only 
Might etidcneeof clumping Nueleoli pre-ent but not outstanding Pronormoblatl 15-20*1 
diameter with rclaU>el> more ejtoplasm Cytoplas-m gtill blue Nucleus has more distinct 
chromatin clumping and gives the impression of being more darkly stain ng than m the 
er>tbroblast \ormobla»l Cells Mightly smaller to much cmaller than pronormoblast Nu 
cleus now has the characteristic chromatin pattern of late ery tbroid cells C\ toplasm now 
becoming poly chromatic due to pre^nce of locreasing quantities of hemoglobin The 
pofycAroma/ic normoblasts are those with blue grey to grey cytoplasm The orlkoehroinaite 
normoblast has a c\ topla<m identical in color to that of a mature cry throevte and u ually 
has a compact dense pv knotic nucleus 
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marro\\ or blood samples ha\e been e^hau«tx\cly dcMjnbed * Autondiogriphic 
technics, as well as the technics of gram countuig and deterramation of per cent 
poMtmt}, ire also dc'cnbed Hadioaetuity measurements on all samples were 
made wth an end wmdan scintillation counter ou ‘samples prepared ui cupped 
planehets, one inch ui diameter 


Resx^lts 

Cellular Dyna?mcs and Rfgulation of Erylhropoicsts 

Further testing of the technic of estimatuig the mean geiieratJoii time of the 
erythroblast has shoMTi it to be particularly valuable and very precw; the 
erythroblast is the earhest cell type m the erylhron that incorporates sgmficant 
amounts of Fe” the kinetics for duappearance of the label from this cell tyiie is 
undisturbed by the entry of labeled cells from the maturation of a precursir In 
this -ituatiou we can evaluate the average generation time of an erythroblast 
from the time required to halve the medmn or mean gram count In order for 
the technic to be valid certain conditions must be ‘Jtisficd (a) The 1 ibel mu«t 
leave a «ingle cell by the proccNs of division only, i e there mu«t be no label tlu 
tion (b) Maturation without division must not prefercntully remove i given 
ch'ss of cells wath higli or low gram count (c) The general ®hjpe of the distnbu 
tiou curve for gram counts must not change i e, there should be no preferential 
division of either high gram count or low gram count cells Vs an extciiMon of the 
last requirement, a very high proportion of the total cell population must be la 
beled at zero time m order to avoid the bias uitroduced by the pn.><nec of two 
populations, one incorporating Fe** and one not It is a‘>»umcd on iho ba*Jb of 
accumulated expenence of many invcsligitor« that nitncellular iron i^i ret imcd 
but all other conditions may be tested 

Because of the very high gram counts achieved by tiic erythroblast the ippt ir 
luce of any significant proportion of Uicm as ciytbrocytcs ifttr no diviMoiis or 
only one division would certainly be delectable V >-m dl number !t“-s Uiau 5 ptr 
cent actually ilo follow this pathway, as> wvU be discus, cd later 

Figure 1 IS presented to «how the general nature of tlic gram count distnbu 
tioiis after V single injection of Fc” Tlicrc u> no appreciable alteration m the 
shape of this curve as time advances indicating thit condition (cl w well satis 
fled The u«e of the meduu i» the measure of central temlcncj further helps to 
smooth out irregulantic*. and to prevent the ®raaU number of very high grim 
count cells which are invariably present, from biasing the measurcmtnt 

Figures 2 and 3 are presentations of the cry thniblvj't gram count d ita as out 
htiod above The median gram count is plotted loganthmically as i function of 
time The values dunng the incorporation period when radioactivity is still pres¬ 
ent m the pla-snva ire ignored Tlic half times or generation times thus me i urwl 
are all in the range of 17 to 20 hours for the control animals, ‘•mill irlj, the b!«l 
animals have mean generation times of 17 to 18 hours Tins values is to be com 
pired wath 20 to 24 hour*, denied by I,ajtha* for the liimun cry thmbl ist (hw 
pronormoblast) On thebisisof thweviduice, we mu'^t ampt tint tht inertas/d 
rale of crylhroiMitesis ts ntl intthalcd bj shorkrttny the ijeiuralwn time for llm 
precursor cell Furthtnnore, tUImugli it is impovibh to dcsonlio the Ruitrauon 
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CRAIKS PEA C£tL 

Fio 1 —Grain count distnbutioo for er>tbrobIast3 at various times after inject on of 
Fe>' Flit} cells were counted on each sample 

tunes for the pronormoblast or for the normoblast m terms of a simple mathe¬ 
matical function, because of the complex pattern produced by the passage from 
one cell type to the next, the subjectuc judgement can be made that there is no 
remarkable change m the rate of fall of median gram counts for either the pro¬ 
normoblast or normoblast 

Further examination of the methods of gram-count extremes pre\aou«ly out 
lined' has not >et yielded further mformatioo on cell generation times m dogs 
Bbicb ha\e been bled However, examination of peripheral blood smears that 
have been «upravitally <^tamed with bnlliant cre-jl blue, has allowed us to make 
an independent confirmation of the average time spent m the bone marrow by 
the reticulocj-te in bled and control animals The figure that we obtained bj di 
rect gram-counting on marrow reliculoci-tes' in unblcd animals was 22 hours 
^Mien peripheral erythrocj'te gram counts are made on preparations m which 
rcticulocjies are identifiable, a few of the<e cells are lightly labeled at verj carlj 
times The first peak of «trong activity occur, at 24 hours after injection of the 
label m cither bled or control animnls and repre-cuts the mean duration in the 
bone marrow for those reticulocytes that were directly labeled at the tune of 
isotope injection The very early appearance of active cells m peripheral blood 
IS the result of the direct labelmg of the blood reticulocy’tcs \nother major peak 
of reticuloc} te labeling occurs at 48 hour-, cau-ed by the amv al of the bulk of 
normoblasts labeled late 

The small group of duectly labeled blood reticulocytes of low gram count dis¬ 
appear m about 30 hours after isotope administration indicating that these cells 
are converted mto orthochromatic eiythrocy'tes m about that tunc interval "No 
significant differences m matruation time for either the marrow or the blood 
reticulocyte is ob-erv ed after bleedmg 
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The rem*iming pomt bearing on the que'tjon of regulation of production of 
erj throcj tes is the ei idence provided by mitotic index determinations In this 
regard, it is essential to point out that one mit>t differentiate by cell tj-pe when 
determimng mitotic mdex m the nucleated crythron, because the cell ejele is 
not of constant length for all tyj^ From table 1, it is clear that no significant 
alteration m mitotic rates is produced by bleeding As there arc no marked dif¬ 
ferences m the relali\e proportions of the\anous cell tjpe**, the over all mitotic 
mdex IS also unchanged 



Ti<3 3-~Mediaa grata count (-t-lVB cells) of er>ituroblast9 plotted loganthsucall> 
agoiost time Thegeneralioa time for thiscell t>pet9esiimaledbyrcading the time for half 
reductloaof the median grata count The data shoirn are for Si e control atumald Voimol 
GK (^) was purposefully infused for a prolonged period of time (bix hours) to check them 
fluence of plasma clearance time of radioactivity on the estimate of generation time 


*4 


• se- lu HU 

* IT - so MJU 





Flo 3 —Median gram count (+1VE cell*) f®*" enthroUasts of two bled dogs bl’ (•) 
was bled 40 ml /Kg , and ST (\) was bled tOO ml /Kg 
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Table I —iUtotie Index for the ErylKrotd Cell Type* tn \orn al and Bled Dogs* 



1 Eiyth obliAt 1 

1 ProDo tooblist 

Nor^obU^t 


BU(Oie«/>otai 


nuos«loUl 

-0 

mitOMs loul 


Total measureroeots on S aonna) dogs; 

128/1430 

9 0 

416/10&42 

3 9 

8S0/14341 

2 6 

Total measurements on 4 bled dogs j 

110/1308 

8 0 

362/9 0 

3 7 

29o/J><30 1 

3 4 


* Itisd Sculltoidentifj bODentaiTOTcenain prophage and telophase so that one should 
interpret the abore data as referring oni> to the percentage of cells m metapha^e and 
anaphase 


The pattern we hate ob'^ned la that under conditions of ‘eiere bleeding no 
significant changes can be found m the «e\eral parameters of maturation dj 
namics measured If we recapitulate all the obsenations made here as uell a» 
thoac refemng to the questions of numbers of diiusious occumng m the erv-th 
ron reported m our prenous paper' v\e «ee that (a) The ai erage number of cell 
diiTsions that must occur for the nucleated bone marrow to produce the ob en ed 
number of ci^throc>tcs was shown to be I 3 for unbled dogs 1 1 for dog bled 
40 ml /Kg and I 3 for dogs bled 100 ml /Kg This \alue which is merely the 
loganthmic ratio of the mea_ured number of nucleated ervthroid cells to the 
measured number of mature crytbroc>tes produced is heaiTl> weighted b\ the 
la^ number of late forms that do not diiide at al) or that dmdc onl> once (b) 
The mo t hkel> number of divisions that an er} throblast undergoes as measured 
by the relationship between the gram count of the er>throbla«t and the gram 
count of the penpheral red cell was determined to be 2 3 for control animals 
and 2 2 and 2 4 for the two tj-pes of bled animaL This value represents a truer 
picture of the number of divisionsactuilly occumng It would indicate that ap- 
proximateli half the celb divide three times and half onlj twice The misted 
division in the latter half is probibl> m the late polj chromatic-earlj orthochro- 
matic «tage "Many of the^e cells are div idmg in marrow ■'mears but it is 
unlikely that all do (c) As outlined earher the generation tune for the erj-thro- 
blast remains at 18 hours m «pite of severe bleedmg (d) \o significant altera 
tion in overall erythrocj'te maturation time can be attributed to accelerated 
ripening of the reticulocjte (e) Mitotic indices for three major cell tjpe m the 
eiythroid ‘«enes are not altered bj bleeding 

At this point we “"ee no answer to the question of how the bone marro \ re 
eponds to a proliferative stress However in figures 4a and 4b i major difference 
IS ‘^n between bled and control anunals These data ire a plot agauut time of 
the proportion of each of the three major cell tj-pes that are po«itiv elj labeled It 
can be «een that whereas 100 per crait of the er>Ihroblasts m the control group 
are ‘•till labeled at 24 hours after isotope injection the percentage m the bled 
group Is less than 10 per cent This large difference can be explamed onlv to a 
V ery 'mall extent on the basis of the more rapid remov al of radioactiv e iron 
from pla«ma with a decrease in labeling time In the mo t extreme case thb m 
creased rate of pla«ma clearance could not account for more than a two to three 
hour ‘shortening of the labeling period In the control animals tliree half times 
would be approximately five hour* while in the bled animals three halftimes 
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would be about tuo hours Wc iia\c nlroad^ demonstrated tlut the rite of dc 
crease m the gram count o^cr posttue cell* w not sjgnificantJj ddferent m (he 
ttto groups Hence, the Lu^e difference m rite of change of per cent iKjatiMtj 
cau Qoli be attributed to (Ae cntri/ of c^nijEcanffy larger ttumiers of nnloicfcd cfffs 
irtW the lahded crythrMasl compartment %n the lied antmals Tlie b'lsis for our 
model for regulation of proliferative rates is based on this mterpretatiou of the 
data 

Kindred* first pointed out, and we iaibsxiucutli reaffirmed it from our own 
data,' that if one calculated the mean tsOjum of a cell w the nucleated crjthron 
from the mitotic index and ati> reasonable estimate of mitotic duration the rt 
suit Mas in marked disagreement with the known time that a ccU spends m the 
bone marroiv Ifindred stated di it a proportion of the dail^ proliferation of the 
erythroid dements was supplied from the hunoc} toblast ’ llic accumuhlmg 
evidence from our -tudy is m support of h>ahypothesis and also directs attention 
to tins mechani-m as the one pnmanly responsible for llit proliferate e rcsixin o 
of the Ijone nurmn to bleeding When a requuxmeul for nicrcased production of 
erythrocytes u unposed a rapid increase in tlic rate of diffcrcntwlion of the 



Fio 4 —1 er m V j>oi>»li%u> wHmato« trom nurro* laicar^ at >arnj\i» uiata ,njfc 
lioaofFe** figure 4 A m ros Wot animaJfaoUW/cr^wtrwlaf (foji* tKrirxiifupeJ j*r 
m &.10Q from Vao New^ork ArsJ is*) 
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multipotential stem cell is effected, with a consequent enlargement of the nude 
ated erythron and an increased rate of red cell production 
The major pomts m support of this hypothesis are the obseriations that the 
directly measured generation tune for the erythroblast la unchanged after bleed- 
mg, and the per cent positmtj” cunes indicate an influx of large numbers of 
unlabeled cells into the erythroblast coiopattment It should be noted that in 
the bled animals, 10 to 15 per cent of the cells morphologically classified as eiyth 
roblasts fail to incorporate Fe**, nhile m the control senes only 2 to 3 per cent 
fail to do so In the normal animal, if a small proportion of nen cells continuously 
enters the erythroblast compartment, then one should be able to detect them, 
pro% ided the acquinng of morphologic characteristics of the erythroblast is more 
rapid than the acquiruig of the ability to incorporate iron He feel this is the 
case and that the mcrca'-ed percentage of unlabeled cells in the bled animal re^ 
fleets the influx of a larger proportion of freshly differentiated erythroblasts A1 
though the biochemical mechani-m underlying differentiation is not known, 
apparently these cells acquire their morphologic characten&tics before they ac 
quire the capability to incorporate iron 

A necessary requirement of any regulatory model is that it ‘•hall be ■'ensitn e 
to the decreasing need for celt production and be capable of reverting to the nor 
mal preblecdmg «tate Preferably one washes to see a “ystem that does not re¬ 
quire the elaboration of some special anti hormone or negativ e regulator for this 
purpO'e An observation first made by Lajtlia and Suit * and subsequently con 
firmed by us, allows for the formulation of a possible govemmg mechanism 
Lajtha and Suit remarked that a small proportion of erythrocy tes produced after 
a single mjcction of Fe‘* have gram counts that could be obtained only if these 
cells had arrived m the peripheral blood after a 'mgle division of the eiythro- 
blast In a small proportion of cells, vrhat they call the ba«ophilic normoblast 
(our pronormoblast) apparently proceeds without further division through the 
stages of maturation and hemoglobimzation This process may represent the re 
suit of an erythroblast diVTfion where one or both of the daughter cells are in 
capable of further division We have called this process terminal division and 
outlined it m figure 5, it is to be compared with normal eiythroblast division 
wherein the cell Ime is sustained (fig 5) In both figures it is to be noted that 
w e hav e not indicated div isions occurring after the early normoblast ^tage Alar 
row smear evidence mdicates that some further divisions occur, but the fre 
quency and importance of the process is not known Division in the late normo 
blast stage is peculiar to the dog and is not often observ ed in man 
The terminal division scheme results m the elimination of i ‘■mgle ery thro- 
blast This normally is replaced to mamtam the steady state concentration of 
cells, but in the case of the by pcrplastic bone marrow w here accelerated produc 
tion 13 no longer necessary, this mecbaDism can provide the means whereby the 
expanded marrow can be reduced to noniial hmits 
In figure G 13 pictonally presented the proposed «cheme of ery thropoietic regu 
lation In the normal animal in a steady state, a email proportion of the erythro¬ 
blasts are removed daily by the tenmnal division process or an alternate leak 
The cells which are removed m the resting steady state are replaced at a rate 
ri from some raultipotential etem cell, and rate ri is equal to the rate r* at which 
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FtQ S-thematic rc] re enUUoii of normal (lop) and terminal er>throbIastilmaiOD In 
the normal diMsion the ecti lino u eustaincd bv (he nondilTcrentiatioD of one daughter cell 
vliila iR tbs terminal scheme (1 o er} throblast le lout I>iv<sionii in tho oormobiast atage are 
not indicated but (1 o) certainly occur in (hedogm some proportion of ceila 



tio 6—\ proposed model for rcgulatioo of erjthropoicsi'i The ii’iture of the multi 
potential stem is not indicated 


the eiythroblasts are being lost In the steady state ri = r* It is assumed that 
r* IS controlltd as a order process that i** a constant fraction of the erythro 
blasts present are lo'^t per unit time After bleeding tlie pnmaiy erythropoietic 
stimulus (anoMi, blood volume, or both) causes the elaboration of a humoral 
substance capable of increasing the nte of differentiation (rd from the muUi 
potential stem into the erythron When the blood level of the humoral regulator 
IS stabilized, a new steady stateuiU be achieved, with fi again equ*!! to tt )Vlien 
the primary stimulus is removed by the return of the blood volume to normal 
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lc\els the humoral differentiation «turuiUis is reduced, and , the rate of dif 
ferentiation, returns touard normal As the er>throbIast compartment is e\ 
panded, rj, uhicli ue baie formulated as a first order proce^a is non higher 
than ri, and cells are removed m »ccss of nen production until the pre existing 
steady state at normal levels is reached 

The nature of the leak ‘ process that leads to elimination of eiydlirobla^ts is 
not cntical to the argument We cannot exclude other processes that may «er\e 
the same function Erjthrobla*'ts may divide and produce two cells incapable 
of further divosion, or a certain proportion of ery throblasts may, m all conditions 
normal or hyperplastic undergo cell death or be otherwise ehminated It is nec 
e&sary only that normal bone marrow have a small cellular attntion rate and to 
postulate that a leak exists and that the absolute magnitude of this leak is pro 
portional to the number of cella present 

The Role of Erythropoietin 

From the process described above we see that the humoral regulatory sub 
stance, presumably erjthropoietm has as its pnmary function the directing of 
differentialiDQ of the muUipolential ^■tem cell, determining the rate at which stem 
cells are conv erted into erythroid precursors From the model, it is. also apparent 
that erjthropoietin must exert its regulatory function even m the normal «tate 
That IS to say, ri, the rate of diifcrcotiatiou of new stem cells is determined bj 
the level of er> thropoietin m the normal stead) state 

How pure the actions of erythropoietin are remains to be seen Careful anal) «i5 
of the effects of erj thropoietin on cell generation tunes and DNA sjTithesis rates 
IS necessary Someevadcnceisalrcad> available, however, to indicate that eryth 
ropoietm acts also on the later forms of the eiy throid «enes In the fir^t place 
the model desenbed above would predict that at stead) state conditions after a 
bleeding stress, the differential db'tnbutiou of cell types would be unchanged 
This 13 nearly but not completely true Table 2 presents the anal) ^ls of total 
marrow cellulanty and differential distribution before and after bleedmg The 
marrow cellulant) was deterramed by the method of Suit ’’ 

The«e numbers do not have a high degree of precision but in any ca^e it is 
clear that bleedmg is causing a dkproportionate increase m the earher form« 
This observation would be consistent with the proposed model if, at the tune of 
mcasuTement, the marrow were stiU expanding and bad not )et achieved a 
steady state 

A second bit of ev idence bearing on this question is to be seen in the penpheral 


Table 2 —Marrow Cellulanty and Dulrtbution by Cell Typet in Bled aid Control Dog* 



Noraal 

Bled 40 

isL/Kg 

1 Bled 100 ml Xg 


R«tw 

Pw = 1 

\uadxr 

X 10-» lk« 

R*Uo 

Pro » 1 

Number 

X to-* Kg 

RatKi 

Pro = 1 

Lr^throblast 

0 13 

0 09 

0 4 

0 13 

2 2 

0 18 

Proftormohlasi 

1 SO 1 

1 00 1 

J 1 1 

1 00 1 

J2 0 1 

I 00 

>>ormoblast 

2 20 

1 50 I 

40 I 

1 30 1 

10 0 j 

0 so 

Reticuloc) te 

3 30 I 

2 20 

6 0 I 

1 50 

22 0 1 

1 so 
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radioirojj appeannce cun e 4fter bleeding, a small but decrease in 

the time for one-half maximum penj^ieral appearance has been reported bj us, 
but certamlj not a novel finding For example for the same animals for \\ Inch 
the marrow ceilulantj is pre^^ented m table 2 the time for one half maximum 
iron mcorpomtiou ranges from 2 8 <ia>a m the control animals, to 2 4 daj a in the 
less sei erely bled to I 6 daj s m the heavilj bled Becau'^ there is Jess than 0 2 
daj'S difference m the labeling time for the oio t extreme case there mu t be a 
sigmficantly shorter time m the marrow for the deselopmg ceils of the bled uii 
mah This mall difference maj be acrounted for b> shifts in the marroiv dif 
ferentul distribution that are not detected by our methods For example if the 
reticulocjte number were rclatueli, increa-sed there would be an apparent «;hort 
eumg in the time for half the actiaity to appear m peripheral blood 

None of theie observations indicates changco m tbe marrow dynamics com 
patible wath the tremendously increased output of erythrocytes and it la worth 
commenlmg at thi» point that it la uuhkely that the m irrow cells are capable of 
drastic changes m maturation times that would account for the tremendous range 
of performance of which the marrow is capable However careful invotigatuc 
work to indicated to evaluate tbixe changes In all the '•tudies reported here no 
measuremeuta were made earlier than "everal dajs after the fir^t bleeding, and it 
la possible that mv e tigatiou of the early poslbleednig times will rev cal 'ome cf 
fects on the maturation time during tbe period of maximum marrow expansion 
An nltcmitue to the dem cell providuig the source of increased ce)iuhnt> dur 
mg tbe byperpla-tic stage to for tbe ervthroblast itself to re poud by mcrea^d 
geometric divi&ion without nuturatioo thu» increa mg tbe marrow celluLirit> 
This hjpothe«iiareqmre< however, that (he mtrea e ui marrow celluhrits should 
stop before the blood volume la restored II hat (he regulatory method would be 
we cannot at tins time vtoualuc 

\iii treatment of the subject of the actions of erjUiropoietm would be mcoin 
plete without diseu'Sing the ob><rvationsof Schroeder, Gurney, md Wickmaii* 
tluit erythropoietin caus<x dramatic uicrei cs m (he rate of radio ictivc iron utili 
zation by bone marrow cells in tissue culture They ob erved (hat the ridiuac 
tmty in bone marrow cellssu peudedin anemic pi ismawns is much as four Units 
greater than that of cells suspended ui normal plasma buch an ob>^nation left 
{fitchayengiaJ fends great » eight to ibearsnmenti, lor the direct jctiea of eej-ihm 
poietm \lpen and Lajtha* have repeated these experiments with uniury cry th 
ropoietui kindly provided by Dr I an Dykeof the Douner Laboritory m Berkeley, 
and hav e found that m human bone marrow culture only m igtiificanl mere I'ois 
in iron incorporation can be demouHtrited vvitb m.'toi^l\D quantities of ihc hor 
nione The ducrcpancy between theMidjI'i and Uie t;b en itioii'? of Schroeder ct 
al iwait cLinficition but the critical deficiency in the latter worktrs’report lies 
in the hek of knowledge of the find pecific ictmly of the ndminutcred wjtape 
w hen pla^nuto likely to hav e widely different pU ma iron conccnlntions are uhxI 

F<.^» as a Tool i;i Bone Marroic Inustigation 

lladioictne iron i» at best, i difficult isotope to in autoridiognphy It 
1 icks the exqufsite resolution of the tntium labdcd compound it 1 icks the long 
h df hfe and good rcMilutioii of carbon '* But m pitt of these disidv mtagci it is 
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still unsurpassed for use m «;tudying the kinetics of the erj-throid 'series It labels 
e^ery cell morphologically identifiable as an eothroc 5 ie precursor, and fortu 
nately labels them at le\els roughty corresponding to the position of the cell in 
the development line Of paramount importance, the nouexchangeability of the 
isotope, once incorporated, still stands as an undisputed fact 

On the que'ition of re'iolution, it mu«t be borne m mind that very high resolu 
tion is a mixed blessing Very bttle is to be gained from it unless uiformation is 
sought about the mtracellular locus of incorporation The very fact that tntium 
labeled thymidme is confined to the nucleus and that its beta particles have a 
V ery short range, limits the maximum gram count ov er nn av crage sized marrow 
cell to about 50 to 70 grams In the ca«« of radtoiron gram counts of sev eral hun 
dred are possible and indeed are relatively routme m our hands The«e high 
gram counts without mtracellular radiation damage allow cells to be followed 
through many more divisions Technically, the lower resolution requires onli 
that cell smears be dilute to prev ent ov erlap, and that a good quantitativ e gram 
counting technic be developed to prevent mtroduction of errors due to cell “ize 
We have previously desenbed such a method * Fmally, it should be pomted out 
that if one wishes to study the life of a red cell from its earl> begmnmgs to the 
final non nucleated form i label must be chosen that will be part of the ultimate 
cell lor this purpose iron labeling ol bemoglobm is ideal 
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Blood Uptake of Fe“ in Studies of Red Cell Production 

Bij h F L-vmujton, E H Belcher* \^D E B HuinibS 

TX the appbcation of Fe” to the study of red cell production, one of the most 
'*■ comcmcot technic? is the measurement of the rate of appearance in the cir¬ 
culating blood of radioactn e iron that has been previously injected The blood 
uptake of mtra\enQUsl 5 'tdmiuts>tered Fe** will be determined by the rate at 
which the \anous) red ccU prccutbors take up mm, their rates of maturation and 
relea’^ into the penpbenl blood, the competition for iron from tissues other than 
the erythropoietic organs and the extent of the utiliaatioa for erj'thropoiesis of 
Fe”initiallydepO'Ued in '-ites other than erythropoietic tissues and subsequentlj 
ujthdrawn or of Fe** returned to the metabolic pool after red cell destruction 
The blood uptake of Fe** cannot, houeier, be considered a simple measure 
of red cell production, and m this paper its uses and limitations will be discussed, 
uith esamples taken from work with normal rats, irradiated rat^ and rats 
treated mth certain drugh 

MxTERLXLS OCD METflODS 

Male rats of the highly mbred August or Marshall &trams were u«ed, their 
behavior m respect to iron metabolism was found to be similar Badioactjx e iron, 
Fe‘*, with a specific actuitj of 1 to 3 jic /pg Fc, was injected as feme chlonde 
lu I per cent sodium curate dilution 

For the measurement of blood uptake of Fe‘*, rats weighing from 120 to 130 
Gm were giien either 0 2 Fe“ when blood sample* of 0 5 ml were to be 
taken by cardiac puncture, or I >ic Fe**, when blood samples of 0 i mi were to 
be taken from tlie cut tad Since it was found that the remov al of relatu ely large 
blood samples from the heart caused appreciable stimulation of erythropoic«is, 
this procedure was abandoned lu later expenmeuts in faxor of toil xein sonipluig 
Blood samples were assayed for Fe” ui a well type scintillation counter The re¬ 
sults gis'eu arc the means of groups of fixe animals 

For autoradiographic studies, rats of 200 to 220 Gm were gixeii 20 nc Fe*', 
and ^ears xrere made of femoroJ jnuTDW, the bind limbs being freed of circu¬ 
lating blood as completely as possible by perfusion with '<abne xaa the abdominal 
aorta After photographic processing the smears were stained for microscopic 
"tudy, but, as no specific reticulocyte stain was used, immalureerythrocyteswere 
distinguished from mature ery throcy te» on the ba^is of their polychromasia alone 
The numbers of red cell precursors present m femoral bone marrow were esti¬ 
mated by makmg differential counts on stained marrow smears and by deter- 
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mining the total number of cdla present bj enumeration of a cell su'-pen«ion in a 
hcmocytometer 

Whole body irradiations vere gi\en by expo&ure to x rays of 230 k\p, 1 5 
mm Cu half a alue lay er, at a dosage rate of 30 r/min Fuller details of the ex 
penmental procedures Mill be found uiprexious publications* * « ^ 

Results 


WtiMraiial o/ Fc” From Stores 

\ny analysis of the cur\e of blood uptake of Fe** is difficult unless one can 
determme the proportion of the Fe** appeanng in the blood due to red cell pre 
cursors labeled directly by the injected Fe**, and the proportion due to cells 
labeled with Fe** onginally deposited in storage sites and later withdrawn for 
erythropoiesis An attempt has been made to reduce such ivithdraMal by gi\mg 
ammals daily injections of an uon-dextran complex (Imferon) at a dose le\el of 
5 mg Fe/100 Gm body ueiglit Such daily injections of Imferon maintam the 
«^rum iron at about 10 times the normal Ic\cl • 

Ill figure la is shoiin the effect of Imferon injections «tartmg 24 hours after 
intraAcnous administration of Fe‘* on the blood uptake of Fe” in Dormal Mar 
shall rat«, the blood samples being taken from the tail \ em The cun es giN e «ome 
indication of a lower final uptake in animals gii en Imferon but the difference 
la not «ufficicnt for a firm conclu«ioD to be reached UTicn, honexer, blood up- 


• with Imftfsn 
o Without’imferon 




Time efur mjcctioo of (days) 

Fig 1 —LfTect of daily Imferoa injections on blood uptake of intravenously injected 
Fe” (Marshall rats) 
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lakct, are measured o\er the penod of recoverj from damage to the cr\ thropoietic 
system, the effect maj lie \er> con'sidemble, as illustrated lu figure lb, where 
the Fe” injection was gi\en two dijs after a do e of whole bod> mdiatiou of 
200 r 

From the cune of figure la relating to the Iniferou injected animals it can 
be «een that more than half the Fe** finallj appeanng in the blood la released 
ivtthm the fir^t 24 hours after injection, and that there is verj Uttle increisi 
after 48 hours Tlus mdicates that all the non incorporation m the red cell pre¬ 
cursors of the normal rat takes place witlun 48 hours of emergence of tlie cell 
into the circulation and that the greater part of the incorporation occurs mthin 
the 24-hour penod before emeigence The final level of Fe** in the blood is aljout 
Go per cent of the injected do>>e This includes about 3 per cent of the injected 
do e directlj incorporated mto the reticulocytes of the blood during the time 
that the plasma lev el of Fe‘* is hi^ In Augu^^t rats, the final lev cl of Fc** m the 
blood is about 55 per cent of the mjected do«e 

iiitoradtogTaphiG Sludia of Cptale of Fc** by the Red Cell Precursors 

Vutoracliographio studies of the rate of uptake of Fe” into the red cell pro 
cursirs of the bone marrow have previously been reported • The coaclu-'jou from 
the^ studies IS that, m the jouug growing nt the cells m the ‘.tagcs from early 
normoblast to policbronutic erjthrocyte m the marrow take up Fe**at approv 
imatcly the same rate There is some uptake m the pronormoblasts but at a 
rather lower rate A summary of the results obtained from smears nude at two 
hours after Fe‘* uijection is shown in table I The pol> chromatic erythrocyte'' 
of the bone marrow account for about one third of the total Fe“ content The 
remainder is found mainly m the mlermediate and hte normoblasts The Fe‘* 
content of the early normoblasts and pronormoblasls accounts for only aliout 
5 per cent of the total The autoradiographic studies ^how that the tunc from 
the early normoblast stage to emergence mto the circulating blood is about 48 
hourv, consistent with the conclusion from the blood uptake data It is important 
to recogmze that the rates of maturation of the red cell precursors and the rela 
1 1 \ c rat es of iron uptake are \ erj "pecics dependent The rat appears to hav c a 
much faster rate of maturation of red cell precursors and a relatively higher rate 
of iron uptake m the later forms than docs man or the ralibit “ This species effect 
has always to be considered when companiig the results of different workers 


Table i —Retulti Oblaintd fron Sucart Vai/e 
at S Hours ifUr InjccUon 
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Tint tfttr itjccllon ei (tfijt) 


Fia 2 —Effect of whole body irradiAtioa oo blood uptake of subcutaneous!) injected 
Fe*' OlAcihall rate) Fe" injected at various times after irradiation 

Blood Uptale After Whole Body Irradiation 
lu studying the effect on the crj'thropoietic sj '•tern of a perturbation 'uch a» 
tliat produced by radiations, it is necessaiy to know n hether there is any change 
m the rate of uicorporation of Fe^ into the \anous red cell precursors It has 
been shown by tanous workers* • ** that tbe incorporation of iron into red cell* 
IS not appreciabl> affected by radiation doses as high as 1000 r 

llTiote body irmdiatioa gtten prior to t/w infection of Fe^ affects the cate at 
which labeled cells are released into the circulation In figure 2 are shoivn blood 
uptake cur)es in 'Marshall rats subcutaneously injected with Fe** at lanous 
times after exposure to whole body irradiation of 100, 200, or 400 r In this ex 
penment no Imferon injections were gixen and 0 o ml samples of blood were 
taken by cardiac puncture In figure 3, a similar «et of data is shown for Augu t 
rats, but m this expenment only one dos5 lev el, 200 r, was used The rots were 
giv en daily Imferon injections starting eight hours after intrav enous admmutra 
tion of the Fe‘*, and blood samples of 0 1 ml were taken from the tail 
It can be ■=een from figure 2a that when the Fe** is giv en immediately following 
irradiation wnth doses of 100 r or 200 r, the final lev el of Fe‘* reached m blood 
IS the same as that of the controU, but it takes a longer time to reach its final 
level In the corresponding curve with the Imferon injected animals (fig 3b), 
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Timt «U»f itijictiM of 


Pjo 3 —Effect of Ttbole bod) irradiation (300 r> on b)ood uptake of intravenous}) ta 
jeeted Fe‘* (\ugu»t rats) Fe‘* mjected at various tiroes after irradiation Dail) Iniferoo 
injections starting 8 hours after Fe** injection 

the finil let el la shghtly below that for the controls, but the delii ui cinergenci. 
IS ^ ery e\udent The sunpleat explanation of these results is that ttnih doMjs of 
200 r and lejss, there is bttle destruction by radiation of the iron uicorpontmg 
cells, at least in the intermediate and late normoblast and pol> chromatic er> Ih* 
rocyle stages, but there is a delay of release or maturation of these forms \Micn 
the Fe^'is gitea one or two dajs liter the urad'iation with i do<^ of iOO r, in<f 
one, tno, or three daj s after 200 r, there lo not only a delaj m emergence of Fe‘* 
but also a marked reduction ui the final leicl reached m the blood 
The cur\es. for animals giten 400 r shou a profound effect, suggesting tliat i 
large proportion of the iron mcorporatuig prccur=on> do not emci^e into the cir¬ 
culation The results for 4(X) r are mcomplcte because a number of anim ils died 
from hemorrhage foUomng the cardiac puncture 
rrom the results of the experiments with the Imferon injected aiunx.il-, one 
can ‘•how that folioinng nradulion the relationship between uptake of Fe’* by 
the red cell prccur<ors and time before canergcoce is not the -<0110 as m the con¬ 
trol animals With a do«e of 200 r this effect IS particuLirly marked m the cohort 
of cells released into the blood during the interval of two to three dij-i after ir 
radiation ^Vheu the Fe” is given at the ^alue time as orradution, this toliort of 
cells mil emerge between two and throe dajs after the injection, from figure -ili 
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it can be found that their Fe^* content is about 12 per cent of the injected dose 
^Vheu the Fe®* is gn en t\\ o days after irradiation, this cohort of cells ml! emerge 
during the first day after the injection, from figure 3d it can be seen that their 
Fe®* content is only 2 per cent of the injected dose A similar result is found if 
one considers cohorts of cells released at other times following the irradiation 
It must be concluded that the cells in the marrovv at tlie time of irradiation tend 
to lose their capacity for Fe^* incorporation as they approach the time of emer¬ 
gence This 13 contrary to the observations in the normal animals 

A possible explanation of this effect is that radiation causes a delay in relea'^e, 
though not in maturation, of the later forms of red cell precursors m the bone 
marrow The later forms would contmuc to take up iron and could acquire their 
full complement of hemoglobm earher relative to the time of emergence than in 
the case of normal animals If this were so, the cells emerging, for instance, be¬ 
tween two and three dajs after 200 r whole body radiation might have very 
little capacity for Fe” uptake 

Cell Counts in Irradiated Animals 

To show whether there is, in fact, a hold-up of the later forms m the bone 
marrow following whole body irradiation, ab^olut€ and differential count« were 
made of red cell precursors m femoral bone marrow at times up to 14 day« after 
200 r vshole body radiation This work has been reported elsewhere,^ and the 
results are summarized m figure 4 The precursors up to the late normoblast 
stage show a rapid fall m numbers soon after irradiation, consistent with the 



Fio 4 —Variation with time in population of erjthroid cells in femoral bone marrow 
after 200 r whole bod> irradiation (August rats) 
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radiatjou ha\iug its major effect on the pronormoblast or even earlier -tage« 
There is a '^icoiicl fall m the number of pronormoblast'’, nhich is diseuascd Liter 
The late fonn>, howeier, show a \eiy different pattern of re^pome One 'tnkmg 
change m the bone marrow population is the appearance of abnormally large 
numbers of acidophilic late normoblasts two days after imdiation TheM; cella 
are comparatively rire m the Dojmal rat, but two days after irradiatiou, they 
repre^t no less than SO per cent of the nucleated erjthroid cell'' A\ith3u 24 
hours of irradiation the number of polychromatic erythrocytes '’howo i great 
increase, they then decrease, whde the number of erythrocy tes coutinuea to n^e 
The observed increase m erythrocyte population might be a result in part of m 
complete exsangumatiou of the animal before the bone marroir samples were 
taken, and might also be due m part to bemorrhage from the circulating blood 
into the marrow parenchyma However, these factors would not account for the 
large number of immature eiytbrocjtes “^en Their prcNence supports the con 
elusion that there is a delay m the enieisence of cells after imidution, and th it 
they emerge at a more mature «tage than in the normal anmial 

The delay m emergence of the mature cells could be evplamed if one a-vumes 
that the grow-th pressure’ of the earlier procurers is a major factor m deter 
Qnmug the release of the later forms from the bone marrow Since the effect of 
radiation is to deplete the popubtion of earher prccursirs, the normal rate of 
release ought occur only when regeneration has re-e'tabh.hed a full population 
of early precursor^ 

One must conclude, therefore, that following damage to the bone marrow the 
rate of appearance of previously administered Fe^* into the blood cannot iiccca* 
sanly be taken as a measure of tlie rate of emeigeuce of new red cells into the 
circulation For the same reasons, the reticulocyte count is aUo not necc».!>anly 
a measure of the rate of emergence of new red cells However, in spite of ihis 
hmitation, or even because of it, thepenpbenil blood uptake of Fe” can provide 
a V eiy «en«itn e indication of the effect of radiation or of other damaging agent's, 
conveying csisentially the same type of uiformation as the reticulocyte count, 
but m a more quantitative manner A couvenicnt index i* the Fe‘* upt ike of 
the blood 24 hours after uijection k dcmonotnition of tjie way in which the 24- 
hour uptake of Fe“ changes mtb tunc after vanous do'^ of whole body radia 
tion 13 'hovTii in figure 5 Results arc given for the two slrims of rats we h ive 
Used, and the ngreement between them is reasonably good 

For the purpose of quantitative companson of the effects on the erythropoietic 
tissue of different radiation conditions or of other agents, a Ixstter mev'-ure than 
the 24 hour blood uptake of Fe** is probably the final level in the blood when 
daily Iinferon mjectious nre guen to suppre-s waihdravsal of Fc** from '•tort'’ 
This ‘■hould represent the fraction of the mjected Fe** which is taken up uiitudly 
by the erythropoietic tissues Howe\er, the final level will not be proportional 
to the iron incorporating capacity of the ciy thropoietic tissue-, unit'-s the effect 
of any changes m plasma clearance rate of iron and plasnu irou conctntritt m 
compensitc each other The available data do not allow one to Ik. cccUun on 
this point The values of the final level of blood uptake of Fe‘* frotn Iniferon 
injected aiuraals, at vanous times foUowTOg a dose of 200 r, are given in figured 

4n mtcrestiiig feature of this curve is the ‘evxiud f ill occumng between 7 and 




Fig 6 —Maximum uptake in the Wood of Fe** injected at various tunes after 200 r whole 
bodj radiation (August rats) Dail) ImferoDiojectionsstartingShoura after Fe‘'injection 


12 dajs tiller iimdiatioQ V ^inularfall is also etident m the eounta of proDor 
moblasts and early normoblasts m 6gure 4. It is not jet clear tthether this is a 
result of a particular tj-pe of damage produced bj ionising radiation, or whether 
it IS a manife'tation of a more general aspect of the recot ery process Compara 
ti% e •studies w ith ^ anous cj-totoxic dnig:> maj throw hght on this question ‘ 
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Fic 7 —Effect of admiQistratioo of Cbloraiobucil (12^ mg /Kg) oa blood uptake of sub 
cutancousl} injected Fe'* (Mar<hall rats) Fe** injected at various times after admimstra 
tioo of drug Control values shoan as dotted curve 

blood uptake cune, apart from change in absolute value* of uptake, could in¬ 
dicate changes to rate* of celt proliferation or of maturation m the iron mcor 
porating stages of the precursors 

Our onlj comprehen«i' e «enes of data on blood uptake of Fe** during rccov eij 
of the erythropoietic ejstem has been obtained not wth radiation, but after 
treatment of the rat mth the nitri^en mustard, Chlorambucil In this expemnent, 
Fe” was given subcutaneouslj, 0 5 ml samples of blood were taken bj cardiac 
puncture, and Imferon was not given The data (fig 7) indicate the tjpe of re¬ 
sults that can be obtained The blood uptake cun es show a progress!! e change 
m shape an uptake ‘•lower than normal m the first 4 da>s after the administra¬ 
tion of the drug, normal between band bdajs, and between 15 and 20 dajs there 
was ev idence that the final uptake vias reached more quickl> than m the control 
rats A]«o at 15 dajs the final uptake is somewhat greater than m the controls 
During the fir«t 4 da>s after administration of the drug, the ‘•lower rate of up¬ 
take of Fe‘* in tlie blood can be asenbed, at Ica'st m part, to the slower relea-e 
of the later form**, as already described for irradiated animals, although with¬ 
drawal from stores and reutilizatiou of Fe** are likely also to have affected the 
shape of the cun es 

Ihe more rapid uptake at 15 and 20 dajs {and possiblj at 12 dajs) ^ugge-ts 
an increased rate of division or faster rate of maturation of the iron incorporating 
red cell precursors dunug the period of recovery This is consistent with a direct 
action of the eiythropoietic-stimulatmg factors on the later stages of iron mcor 
poration, but there may be other explanations, and a more definite conclusion 
must await further experimental data 
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SCAULIBT 

Bj measurement of the rite of nppearmcc in the circulating blood of pre\ ious!> 
injected radioacti%e iron (Fe^*), a study can be made of certain a«pect8 of red 
cell productioji and of changes in the population of red cell precursors conse 
quent upon damage to erjtbropoietic tis&ue The limitations and apphe Uions of 
this technic are discussed, with examples from ‘•tudies mtli normal rats irndi 
ated rats, and rats treated mtb a nitrogen mustard 
For quaatitatne uork, it is unportant to suppress as far as possible the inth 
dran al for erythropoiesis of Fe‘* ongmally deposited in «torage sites of the bodj , 
this can be achieied by luamtaiinog the uonmdioactiie iron content of the serum 
at a high le\ el 

It is shown that follomng damage to the erythropoietic tissues, the Wood up 
take of Fe*® docs not necessarily provide a direct measure of the rate of icd cell 
production The moat useful quantitatue entenou is probably the final level of 
Fe^* reached in the blood when withdrawal of Fe” from stores has been sup 
pressed 

'Ihe blood uptake of Fe” gii'Cs only au mtegnted measure of erythropoietic 
ictu ity aud m c\permieufal animals there m ly be important differences m the 
erythropoietic activity of different erythropoietic sites 
Finally, the changing pattern of blood uptake of Fe^* m v anous stages of ro 
covery of the erythropoietic tissue from damage i« discussed 
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Control of the Proliferative Steady State 

By Allan J Eb&lev 

TISSUE REQUIREMENTS for oxygen in the mammalian organism are 
-*• met by the oxygen brought in from the atrao«phere through the integrated 
action of lungs heart, \esselB, and bone marrow Under physiologic conditions, 
the supply of oxygen is in perfect balance wnth the demand, mdicating that an 
efficient feedback mechanism must be operating between the tissues aud each of 
the organs inxohed m the oxygen transfer The«e feedback mechanisms are ob- 
xuously mediated m one direction by oxygen flowing to the tissues, but how they 
are mediated in the opposite direction is still highly speculali'e It has been 
demonstrated** that the lungs are influenced by tissue hypoxia through local and 
geuerabzed changes in pH, but the exact impuLscs aud mechanisms that regulate 
leSi^cls and heart are not known * With regard to the bone marrow, howe\er, 
recent studies haie begun to make dear the nature of the inipul®es that control 
the marrow’ft contnbution to the oxygon transport 

The only known function of the erythropoietic tuouc js to produce hemoglobin 
containing red blood cells, and the mam physiologic function of the«e cells la to 
transport oxygen to the tissues Cons>equentli, it has generally been accepted 
that the control of the proliferatue rate of the erythropoietic tisaue depends 
mainly if not exchisii ely on some effects of oxygen on tissue metabolism Such a 
control could be accomplished by a simple feedback mechani'm if the prolifera 
tne activity of nucleated red cells is accelerated when the cell- are depn\cd of 
oxygen, and «upprc‘'‘ed w hen the cells are exposed to high concentrations of oxy 
gen HoweNcr, Thomas has reported'* that the 10-hour 'iyuthe is of hemin m a 
*'U®pension of rabbit bone marrow does not vary m a reciprocal manner with 
oxygen tension These results actually do not rule out a reciprocal relationship 
between proliferatue activity of the erythropoietic tissue and owgen tension, 
since it is Unlikely that an alteration ui the rale of proliferation would result m 
«ubstantial changes m the symthesis of hcmin m this ®hort penod of time Ro'in 
and Rachmilewitz,” as well as Magnussen,*® haie reported an mhibitmg rather 
than a ®tmiulating effect of low oxygen tension on bone marrow cultures, but 
these tissue culturcft are hard to evaluate quantitatively In our laboratory re¬ 
cent studies earned out m collaboration with James Hughes ha\ e ‘■howii that a 
bone marrow su-penMoii under near physiologic conditions will re«pond to a low 
oxygen teiiBion, both with a decrease in the hemoglobm synthesis and a decrease 
m proliferative actmty Normal rabbit bone marrow, dispersed by means of 
stamieaft steel screens, as. recommended by Thomas,** was su pended in normal 
sirum and dmded into aliquots Radioactive iron preincubated wnth normal 
‘erum was added, and the mixture was meubated in a Dubnoff meubator at a 
pH of 7 4, at a temperature of 40C, and under an atmosphere of 5 per cent 
O* and 5 per cent COj (corresponding to the tensions in venous blood), or 13 per 
cent 0* and 5 per cent CO 2 (corresponding to arterial blood) Samples were re- 

From the Thoradike Memorial Laboratory Boston City Hospital and the Harvard 
School of Medicine Boston, Maas 
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Fio 1 —Solid (lots represent tron uptake b> nucleated red cells and reticulocytes m a 
booematrow’auspeu«ioniacubatedfor21hoursat'10‘C at a pH of? 4 and man atmosphere 
of either 5 per cent Oj-5 per cent CO», or 13 per cent 0»-o per cent CO* Open circles 
represent iron uptake b} the ^ame bone marrou euspenaioa under the same conditions ex 
cept for the addition of 1 of colcbicine per ml of suspension 

moNed after 4, 8, and 21 hours Metabolism I'as 'iTTe*tcd by means o! sidium 
cyanate the cclln ua‘>hed hve times, and the cellular uptake of radioactne iron 
measured m a scintillation counter In order to evaluate the proliferative rate, 
control samples ttere tnated in an identical maimer, CNCept for the addition to 
the marrow suspension of I Mg of coichicinc/ml Figure I charts tlie results of 
one such expenmeiit The rate of hemoglobin synlhcsis (4 hour % alue) incre.ivcd 
slightly 'With increasing oxygen tension and was not mllucucoU by the presence 
of colclucine The rate of mitotic activity estimated from the relative liifTerinet, 
!>etuecn the 21 hour samples with and without colchicme, aho increased aa the 
oxygen tension uicreased 

These results do not rule out the possibihty that the rate of stem cell dUTcr 
entiation is accelerated by a low oxygen tension, since it vs iiuulionahle if differ 
entiatiun actually fakes phee in an in \itro sj-teni However, the recent dem 
on&tration of in erythropoietic factor in Ibo circulatmg blood of inenne animals 
has mide it <iuite unlikely that the oxy^n tension m the ixuie mairow v, re pon 
sible for the phj ••lologic regul it ion of the rntc of red cell production 1 he existence 
of 1 humoral f ictor with erytliropoietic properties has led to a new working hv 
pofhesis, which proposes th it tissue hypovia causes the production or relcivse of 
an erythropoietic factor and that the level of tins factor in scrum controls (he 
prohferative activity of the erythropoietic tissue 

There is much expenmcntil support for this hy polhois, illliough it is far from 
proved Scrum from normil aninuls is inactive or has only slight activity, white 
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«eruni from Tnenuc or hypoTic antmala is \erj actne, an actnity tliat appears 
to be rough]> proportional to the d^ree of anemic or hypoxic anoxia Further 
more serum becomes erjthropoietically actue a feiN hours after the onset of 
anoxia, and the actmtj disappears two to four hours after the discontmuance 
of the anoxic ■state * 

Consequently, the erj thropoietic steady «tate maj depend on a feedback 
mechanism that operates between the erjthropoietic tissue of the bone marrow 
and one or many oxj gen «ensili\ e li&nies and that is mediated bj oxj gen m one 
direction and bj the erjihropoictic factor in the opposite direction So far no 
one organ or tissue can be eingied out as being solely re ponsible for the elabora 
tion of erjthropoietic factor E\en the kidney uhich has recened a great deal 
of attention recentlj, docs not meet the necessary requirements Mirand and 
Prentice'* ha\e been unable to confuin studies reported b> Jacobson and co 
workers^ that serum from hjpoxic nephreclomized rats is de^old of eiythropoi 
etic actmtj Studies in our laboratory ha\e also demonstrated that nephrecto* 
mued rabbits are capable of elaboratmg <imaU amounts of eiythropoietic factor * 
Alore <ignificant is the fact that eo'thropoietic tissue m rabbits contmues to be 
acti\e long after the complete remo\al of both kidncjs Radioactne uon con 
tmues to be remo\ ed from «erum and incorporated into new red cells and as 
many as nine da^s after Dephrcctom> >oung reticubted red cells uere found m 
increa^ numbers m the blood stream* Furthermore, the rate of radioactive 
iron turnover m ncphrectomized rabbits can be «bowD to respond to anemic an 
oxia and to b^'peroxua m a pb> lologic manner, although quantitatively the re 
spon«e falls for «hort of normal (table 1) 

The->e considerations would tend to rule out the kidneys as the only <ourcc of 
erythropoietic factor Since animals without «pleen, thymus or endoenue organ* 
and ammals treated with x radiation or nitrogen mustard are capable of elab- 
oratmg erythropoietic factor it is conceivable that there may not be one organ 
or one tissue «y «tem solely recpon'^ible for the production of erv thropoietic fac 
tor It may be that a great variety of tissues dependent on aerobic metabolkm 
are capable of releo^mg ery thropoietically active sub tances when lack of oxygen 
forces them to utilize anaerobic metabolic pathway s 

The manner «ath which the erythropoietic factor after hanng been released 


T\ble 1 Seru i Iron Turaorer After iB Hourt of ineiiic -Inona or Hyperozxa 
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uito the circuktmg blood reguUtes the prolifeititive actmtv of the ci^tliropoi 
etic tisoue has been btudied for some time m our Liborator> It seems almo t ccr 
tain that this regulation must be accompli-bed either bj a stunulatjon of the 
rate of mitotic dn uiou of the nucleated red cell* or by a stirnuhitiou of the rate 
«ith w hich multipoteiitial stem cells are differentiated into prononnoblasto How 
ever, it has been demonstrated that the rate of nutotic dmsioii of nucleated red 
cells Is the same in noimal animals and in animals in nhicb the erj Ihropoietle 
tisaue was stimulated bj mcan^ of anemic anoMa or suppressed bj means of ex 
posure to high o\j gen tension * Cousequentlj the erj tliropoietic factor mu t 
act by acccleritmg the differentiation of tern celb into pronomioblasts and is 
not required for ub equent multiplication of the differentiated nucleated red 
blood cells This explains why the ratio between early and late nucleated red 
cells usually is the same in normal bone marrow and m bone nurrow stimulated 
by tissue anoxia or «:uppreased by tissue byporoua * * Furthermore -Vlpen 
and Cranniore’ hai e «-how u that the lutermilotic inter% al of nucleated red cells 
m normal and anemic dogs is the same Finally there is the w ell know n ob-<!r\ a 
tion that It takes neteml days from the on«et of a hyTioxic «tiniulu» ora hyper 
owe supproafiioQ until a change m the penpheral reticulocyte count can be ob 
ser\ed I! the rate of mitotic actiuty actually was regulated by a circulating 
ciythroporetic factor a much more rapid change m the reticulocyte count could 
be anticipated Figure 2 «hovvs that colchicine a nnlotic pob-on wtU ‘.upprcas 
the output of reticulocytes in rabbits almost immeduteSy while the expo ure to 
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Fio 3 —The shaded area represents the mean reticulocyte response ±1 standard deeia 
tion of 10 normal rabbits kept anemic for 20 hours, and the solid lines the mean hemoglobin 
concentration kines with open circles represent the mean hemoglobin and mdividual retieu 
loc) te response of 3 rabbits given colchicine 2 mg /Kg , s c 2 hours before the onset of a 
20 hour period of anemia (From sn article Co be published in Blood the Journal of Hema 
tolog) Keproduced with the Editor s permission } 

high atmo«phenc oxygen first influences the reticulocyte count after a delay of 
24 to 48 hours 

The biologic nature of this eiythropoietic factor-dependent process of differ 
entiation is unkuomi, but it does not appear to ujtohe a mitotic divTsion since 
it 13 uninfluenced by colchicine 'Figoie 3 ^ous that the administration of co\ 
chicine to rabbits jUst before a 20-hour period of anenuc anoxia ivill not abolish 
the normal reticulocy'te re«poii«e but merely postpone it This must mean that 
stem cells were differentiated into pronormoblasts dunng the 20 hour period of 
anemic anoxia, despite the colchicme-mduced block of mitotic actmty As «ood 
as the colchicme effect ivas terminated, these new pronormoblasts proceeded to 
divide and mature m a normal manner, resultmg m a late but otherwise char 
actenstic reticulocyte peak 

In concfu«ion, it appears that the homeostatic jnechani'm that batances red 
cell production with the need for oxygen in the tissues operates as a feedback 
mechanism, mediated from the bone marrow to the tis&ues by hemoglobin bound 
oxygen, and from the tissues to the bone marrow by a humoral erythropoietic 
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factor The site and action of oxygen m the tissues leading to the elaboratiou of 
erytliropoietic factor are still utiimo\ni HowTctcr, the mode of action of eiythro 
poietic factor m the bone marrov. is better understood since it appe irs to control 
the nte of differentution of undifTcreDtiatcd stem cells to earij iiucitatod red 
cells 
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Observations on the Kinetics of Red Cell Proliferation 


By Fredebick SroHLiiAN, Jr 

^HA'NGES in the rate of red cdl production occur promptly after alterations 
m atmo«phenc pO* or circulatmg red cell ma'^s It has been established that 
increases in red cell production in response to hypo\ia are mediated through a 
hormone, erjthropoietme,* and it has been suggested that a «econd regulant in 
addition to erythropoietme is ui\ol\ed «i situations where the circulating red 
cell mass is altered * The mechanism b> which these regulants affect the rate of 
cellular proliferation is not established It was considered that the rate of cellular 
production could be influenced bj (a) alterations m the number of dniding pro 
genitor cello, (b) changes in intennitotic inteiaal (c) changes m the death rate 
of cells during the production process, i e , change in the abortion ’ rate or (d) 
a combination of two or more of the above mechanisms One al'JO might con-^ider 
the possibility of cells becoming dormant for v anable penods, as has been sug 
gcstcd for leukocytes* and «permatogoiua * In effect, bowev er, this is a specialized 
ca'-e of change m intermitotic interval Ob'iervations bearing on which of these 
mechanisms is responsible for alterations m red cell production following appro 
priate stimuli are the subject of this report 

Mvterlvls and Methods 

Relative rates of red cell formation in 140 to 160 Gm Sprague Dawlev rats 
were e'-timated by red cell Fe‘* uptake and reticulocyte counts Tno Fe** tech 
Dies were used In the flrst, Fe** labeled plasma was given intravenousl} and 
three hours later, when 00 to 95 per cent of the radioiron had been removed from 
the plasma, 0 1 ml of Iniferon* was given uitramuscularly Imferon was given 
daily thereafter In other experiments Fc** labeled plasma was given and fol 
lowed m three hours by Imferon Then, 30 to GO minutes after the admin 
istration of Imferon, the experimental procedure was performed Blood volumes 
were determined m expenmeiital animals vnth the dilution technic, injecting 0 3 
cc of Cr*‘ tagged cells 20 minutes prior to easanguination Radioactiv it} was 
measured in a well type ‘^intillation counter, using a smgle channel spectrometer 
to disenmmate between Fe” and Cr*‘ Plasma contauiing erythropoietme was 
obfamed from Sprague D ivviej rats exposed to 23 000 feet of simulated altitude 
for 18 hours * 


Results 

(a) Fe** Incorporation in ike bled animal As might be expected, rats that were 
bled from 1 to 2 per cent of the body weight three days pnor to the admmiatra 
tioii of Fe** had a substantial increase m the percentage of injected iron appear 
mg in the peripheral ery'throcytcs Maximum Fe** incorporation m the bled 
ammaLj was achieved 48 hours after injectiou, while in normal rats it was ob 

From The National Institute of Vrthntis and Metabolic Diseases National Institutes of 
Health, Public Health Service, U S Department of Health Education and Welfare Be 
the da, Md 

* Imferon, an iron-dextran complcc contaimng oO mg of iron per ml 
31S 



KIVETICS OF JIED CELL FHOUFEIUTION 


319 



0 


Pia I —-Tlic fractioQ of fiaal iroa tocorporatton appcanng at interval? after mjectiou 
of Fe** Experimeotal animals were bled 2 per cent of tbe body weight three davs prior to 
isjeetion of Fc** Each poiot represents mean value for «ix anisals 

sened bcttteeu 48 'ind 00 houra When the fraction of the total incorporated iron 
appearing m the peripheral blood \sas calculated for vainous tune mtcrv lU, it uob 
evident that the bled animals had a much higher proportion of iron ippcaruig 
Jii the firrt 24 hours than did the normals (fig J> 

(b) Effect of bleeding and Iran-ffusion when performed after the admimelralim of 
Fe}* In a <enea of expenmenta, Fe‘* was administered to i group of uomul im- 
nuls Three hours, thereafter Iiuforon was given, followed hj eitliu blocduig or 
transfu'-ion ^Icjsurcmcnt of incorporation of Fe** together walh hlood vulumus 
were earned out at intervals thereafter The rtrsuhi, of three such tjspcnincnt-? 
arc presintcd m figure 2 Duniig ibe first 12 hours, Ic** incorponhon m Ixilh 
groups was identical m all three experiment*- In part, this was acwmntcd for by 
an uptake of about G to S per cent by pcnpberal rctitulac 3 tea At the end of 1 1 
and 36 hours, howcv cr, the bled group had i luglier mcorporilioii th in did the 
transfused group The find Fe” incorporation of bled groups in all mj-Uinc-t-. was 
greater than for tran'-fU'Cd ammab. TJic niaMmum values in Ijoth group, were 
ob^er\ cd after 48 hours 

(c) Effect of cnjlhropoicUric on cellular predifcralit/n In two cxpenmcnts 
labolcd plvsmv was given to two groups of rats that had liccii hjiwrtriii'fuKd 
72 hours previoudj Three hour? aftir the adnuiU'tration of ft*', Iinferoii w is 
given, nnl to 60 minutes later, normal rat plosnui vv is gncii to one gnaip 
and era thrwpoietuic cent mnug plasma ubtamed from inJin.it? tApfx?o»l to altitude 
was gnen to the other greup fbe m-ulls iro prL~entcHl m figure J IJoth rx|Kn- 
ments gave similar rcMiUs Iht 12 hour Fe'* incorp<^rat«in of the recipient? < f 
nomml md altitude plo-'iiu was idcnlie tl Hie recipients of co tliniisjictun. liad 
a higher To** iiicorixiraliou at 21 hours, bj To hours the difference w is suli-ijn- 
tl il The fm d I o** mcorporatum of i.r5thropon.tmo In-itcd inmial', 2d jxr n nt 
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I'm 2 —The cur^'cs represent the average iron incorporation as per cent of injected 
do e, in three experiments Each expenmental point represents the mean value for 18 rats 
Treatment was earned out three hours after injection of Fe” 



Fig 3—Thecurres representaverageiroDincorporalion, as per centof injected do^ in 
tn o experiments Animals n ere hypertransfused three dav s prior to injection of iron Each 
point represents average value for 12 anunal-* 

of tbo injected do«e, was sigmficantljr greater than the 16 per cent incorporation 
of the animals recemng normal plasma The p \alues m both experiments were 
less than 01 


Disccssion 

The admmi'tration of a ‘ flooding” do>e of nonradioactue iron at an mtertal 
after the injection of Fe** limits the period dunng w hich Fe” is a\ atlable for up¬ 
take bj red cell precursors Theoreticallj, this maneuver should lead to a more 
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Ssharply defined penpheral Fc»* appearance (M>-called mcorporation or upl ikc) 
cutN e The interi al betw een injection of radioiron and niawmum penpheral i aliie 
provndes an e&tmiate of the emergence time, i c , the tune for the nirtet immature 
labeled cell to divide, mature, and enter the penpheral blood It •should be noted 
that m the absence of a flooding do«e of nonradioactnc iron, the tot il iron in¬ 
corporation and the interval over which it appears is greilcr* Die additional 
uptake occurring under such circumstances is thought to be due to TcxiUhzalion 
of Te** foIIowTug death of cells vwlbin the marrow, together vnth re-entrj of 
Fc‘* from tissue sources 

4» analysis of the proportion of the total incorporated Fe*’ appearing in the 
penpberj during each time interval after injection should give a rougli estimate 
of the distribution of the various stages of eiytbrocytic precursors Thus, an) 
change m the proportion of Fe“ appearing in a gn en tunc interv il would reflect 
either a change m the proportion of cells ui various stages ora change in genera¬ 
tion tune 

^Vhen an evpcnmeiital procedure is preceded by the administrition of ht” 
and a flooding do«e of nonndioactnc iron, one can determujo the effect of iliat 
treatment on a specific cell population, the cell jxipulatiou beuig conflned to tho^c 
1 ibeled bj Fe” The degree of labelmg of precursors ma) varj with «pecies In 
the ca^^} of the rat, it has been demonstrated autoradiograplncall)* that there ts 
equal bliehng in all red cell precursors from acidophilic normoblasts through 
late orthochromatic norniobbst« Pronormoblasts take up less radioiron per cell, 
and the earlier stages none at all It has been reported in dogs,’ rabbits,* and 
man* that the pronormoblasts take up more iron than do later stage' In all -pt- 
cicB, howcv er, it has been obscn cd th.it the earl> progenitor cells are not lal>cled 
by radiouon In the typo of evponment dc'cnlxHl here, changes in the pcnplicral 
Fc'* appearance curve reflect only an alteration m the prolifontioii of cells pre 
viouslj labeled An influA of unLibcled earl) progenitor cells as a source of in¬ 
creased production would not alter the curve Thu®, ob'crved changes ui the 
curve would be attributed to changes m intcrmitotic inttrv il, nuluntiun time, 
or the death rate of cells withm the naairow 

Two possible ‘cheroes of red cell generation ire represented m figun. 4 In the 
fir-t, division occurs at each Mage of maturation, m the ‘«:otid, maUiritioii is 
not nece'saril) preceded b> divt-ion In either case, dcatli of cclU or dormatic) 
could occur in the course of proliferation The present ‘•tudius do not penmt i 
conclusion about whether ali tells of a given ttU tj-pe divide once or nun) times 
before maturing, or whether maturation maj occur without division Hutlss* 
and Alpen’ obMirved a decrease in the mean gram counts of the earliest Lilwlcd 
(Fe**) red cell precursors, indicating divwon without maturation, ic .pronormo 
bbst divides mto pronormol)la»-t5 Tlic rate of fall of the mean Ic** gram count 
in the intermediate and late normoblasts, reported bj Ilims.,* sugi,ests th-il 
normally some cells nuturc without division 

It IS evident from figure 1 tlut the/rorhwn </ the total radioiron appt iniig in 
the first 24 hours is substantially greaterm bitxl thm m normal ifiinub Mon- 
over, the observed emergence time (tune for the mo't mun.itiirt? bljchd till to 
reach the iienphcml blood) ui bled rats was 'hortcr thin tlut iiot«l in control 
•mimals From this it m.iv be concluded that thirt w is a dttrfa>o m intimiitotir 
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EPC E PRN BN PN ON Rttie R8C 



Fig 4—Schematic repre^ntaUon of red cell proliferation EPC—earlj progenitor cell, 
E—erjlhroblast, PRN—pronormoblast, BN—Basophilic normoblast PN—pohehromato 
ptulic normoblast, ON—orthochromatic normoblast, Retie reticulocyte RBC redblood 
cell 4A depicts extreme perturbations of a system mth fixed maturation times but iibere 
cell death occurs, 4B the normal m a system in nbich both are vanable 

intertal (including donnanej) and/or maturation tune 4 =unple decrea*^ m 
the&c pjraniefera nould lead to a temporary increase m output 1 substamed 
mcrea.«e m output ttould depend upon an increased input, i e, dm«ion either 
from carl} precursor cells or from an increa'=e in the number of dnisions as cells 
differentiate, between prouormobla-'t and orthochromatic nonnobh«t Teleolog 
ically one might «uggest that this latter would be an meffcctite mechanism «iiice 
it would require mitially a temporal^ decrease in the red cell output Iloweter, 
if there was a «unultaneous decrease m death rate this might maintain the cellu 
lar output dimng the mter\al when the number of maturmg cells was decreased 
to permit an increased number of dm-ions If the number of divi<ions increased 
then the mtermitotic mtenal and maturation time would ncce'isanlj ha^e to 
decrease, or an increase m emergence time would result Since shortemng of total 
peaking time was ob-ened, the decrease m mtermitotic intertal becomes •'ub- 
stantial Alpea^ has predated data that O'ten ibh demonstrate no change in tie 
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a\ erage number of cli\ I loius following bleedmg His conclusion ho\\e%er is based 
on these assumptions that bleedmg does not cliange the rehtue proportion of 
nucleated cells x e orthochromatic normoblast to pronormoblast or the inter 
mitotic mterv-al and tliat there is no death of cells m the marro\% Indeed the 
evidence presented herein ni'cs serious doubt as to the a ahdity of these a‘^ump 
tions It sliould be noted that technics, depending on lahelmg at the time of D\A 
syntheMS would not detect the maturation of early cells without dnision except 
on rare occasions when a polyploid cell would result 

Tile studies on rats gnen iron and subsequently undergoing transfu ion or 
bleeding or recenmg crythropoictme (figs 2 and 3) arc compatible with the 
hypothesis that cell death does occur in the marrow In these animals where 
laljehng had already occurred when treatment was instituted theie was a greater 
total Fe‘* incorporation in the erythropoietme treated group than m the recipi 
ents of normal plasma In three experiments a similar though less marked differ 
once was noted Iietween the bled and transfu'^ed animals- The*^ results might be 
interpreted as due to either a decrease m the death rale of red cell precursors or 
d leutUization of ndioirou Reuliiization of Fe^ could occur either m chunks 
from cells dying m the marrow or as the result of an ingress of radioiron from 
tissues The latter cems unlikely in view of the dilution of Fc** with the large 
flooding dose of nonradioactue iron which raised the serum iron tenfold*® and 
substantially reduced the '“jiecific activity The other pos ibility that labeled 
cells die are phagocyto«cd and the label rcutihzed appears to be more feasible 
In fa\or of this esplanation is the observation by Alpen* who has shown bj 
autoradiography that Fe” ippears in reticulum cells of bone marrow 12 to 2-i 
hours after administration of the Fe** Moreover Bessis * has demonstrated the 
transfer of femtin from these reticular cells to erytlirocy tic precunsors The only 
argument against the e\planation tliat erythropoietme reduces the denth rate of 
red cell precursors is the inability to demonstrate such in ellcct in a ilro “ In 
either event however death of cells m the course of proliferation is implicated 
The death of red cell precur'^rs dunng the procc^ of generation is in concert 
wath the view adv anced by Brccher et al in regard to lymphocytes '* One might 
speculate tlut an aberration of this mechanism leads to the marked inlnin irrow 
death of cells which has been lepoited in such diseases as Cookj s anemia md 
IS referred to as ineffective erythropoiesis by Gibfett" and Sturgeon 

Tlie data do not penmt any final conclusions as to the exact mechamsms of 
cell production they demon Irate that normally a significant number t f erythro 
tjtic precursors ire destroyed in the marrow There is also i diortening of the 
emergence time following severe hemorrhage The dali al-o raise ‘-crious doutit 
as to the validity of those data based on the assumption of e juiviv incy within 
the generative compartment 

Piecing together information obtamed from the present encs < f experiments 
together walli data presented from other sources one niiglit specuJ ife that nor 
nudly red cell production proceeds as depicted in figure -lb At each cel! fiige 
there IS a mean probability that dniMou or maturation will «x:cur I orcacli staj-e 
the probability of divnion may differ ami beyond the polychromatophihc normo 
blast division docs not occur In addition there is a normal attrition of cells in 
the marrow lucreiscd production occurs by virtue of i dc-creaM. in the dc-ith 
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rate as w ell as an mcrea'^ m the number of dmsions There is a decrease in gen 
eration tune due to shortening the mtenmtotic inter%al, and possibly of matura 
tion time to compensate for an increase m the number of dmsious 
It should be noted in considering possible generation schemes that one is ^tudj 
mg a\ erage cell populations and that di\Tsion or maturation is not synchronous, 
nor are mitotic time mtenmtotic mter\als, etc , constant There is a mean mi 
totic mterial i\ith a di«tnbution that is probably normal so al'O for other \an 
ables On the surface \anation in a number of parameters as undoubtedly occurs 
in cellular proliferation, appears to lead to an unstable 'Situation Honeier as 
■McCulloch*® has pointed out, in suitably constructed systems instability of m 
di\ idual umts may lead to desired flexibility and rapid response to stimuli 
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Discussion of Kinetics of Red Cell Proliferation 


F Stohi-man, Jr In the Suit formula 
tion’ for calculation of the total number of 
nucleated red cells ui the marrow it id as 
sutncil that ail of the cells wlucb are labeled 
eientuohj reach the penpheral blood If in 
effccti%c erthropoiesia occurs, this formula 
tiOR cannot be used It is also a;^incd that 
all of the labeled cells reaching the penph 
ery arc labeled nithin the fir«t 24 hours of 
the adrmm«tration of iron That this is not 
tile case, hon ei cr, lias been shown by Lam 
erton et ai * and Hamss,* who demon 
strati^ a reduction in Snal total locorpora* 
tjon when Imferon was given 24 hours after 
Fe** We Ime similar data 

4s 1 intcTiret Dr Alpen’s model, nor 
malij llic erytliroblast divides into two 
cells, one of which rnatuces and as a more 
mature cell goes through a doubling divi 
*100 (about 5 pet cent of the eiythrobbsts 
mature irithout dividing), the other cell 
remains as an cr>tlirobl^t The latter ccU 
presumably retains ono-half the label, when 
]t divides again, it provide;> another labeled 
cell and so on ad infinitum Do >ou deter* 
mute the number of dnisioas pnor toemer 
gence b> dividing the numbers of labeled 
nucleate cells at a giv en tune bj the num 
ber of labeled cells eieotuall} appeanng 
in the pcnplicn ’ If tlierc la a contmuous 
gcacration of labeled cells, <um this be 
valid? 

The gcm.mtiou tune of the irjthroblaat 
IS determined b} the fall in graui count 
Did vou suggest that the fall in the gram 
count in bled amnials is due to an mdux of 
stem cells? 4tou]d jou clanf> that’ 

E L Aue> The rate of decrease lo 
grau) count is the vimc for bled and nonnal 
dogs The basis for mv argument is tliat 
the rates of decline are indistinguishable 
Tlic pcrccntaffe oj laheUd alU, however, de 
creases more rapidlj m the blod than the 
nonnal As Dr Bond emphasized, gram 
count can cliange onI> bj cell division Tho 
percentage of laljclcd cells is influcncwlonJy 
li\ the influx of unlabtlcil cells If Suits 
tcchnic IS wrong and there is appreciable 
0.11 dcatl), It can be wrong by as much ns 
10 or 15 per cent It would not miU«r lO 
this case if the trror was as much as 30 per 
cint It 'till lould not account for the mx 
fold merttue ui cell production dunng the 
tunc (hat we arc measuring it 


Vt e establish what w c think arc the ma-t 
likely number of divisions by determining 
the ratio between the gram count la the 
crythroWast at the start of tho expenment, 
and tliat finally pre«ent m tho mature ted 
cell This is not nctt-^sanly the actuai num 
ber of divisions occurring, hut onlv a lunit 
that we are able to put on it e can sav 
that it 15 no less but it lould be i gooil deal 
more tliati tlmt Ml actually can follow i 
cell through about three divisions, and then 
it becomes to all intents and purixisci, m-g- 
attve, due to dilution of the latwl to a point 
where the radioactivity apiiroaches Jwck 
ground 

F arouLM-vv, Jr Some of the injetUd 
iron mitiallv will go to the tissue* At a 
later date it will return to the plasma and 
thence to the bone nwirow, where it will bt 
utilucd m licmoglobin synthesis Mill not 
such rcutUuation aHoct your curves and 
calculations’ 

E L Alcls The question of reutiliza* 
tioQisavcry s.nou5one Iloncvir, il does 
not become a problem m autoradiogni|)li) 
Tkc iron disappearance cun e has tw o t'orn* 
poQcnts, one being verv 'teep, with a half 
time of about 70 minutes !t is during this 
fx-noi} tliat the tells we see in autoradio* 
graphs are labeled Tlie second comixinent 
lias a lialf time of ‘«i cm) day s, but the »pe* 
cificactivity loabout Ol-O I per cintoftlie 
maximum Any cells labeled at tins level of 
radioactivitv would not appear as jxb-i 
tively labeled However, the wicond com¬ 
ponent would ailict a iicnplimi iron ut>* 
take curve This may account for the 
ddlcrince lx tu cen mv bled and control am 
mals, bccauHs m the blcil animals there was 
no'ccond component ^carly lOOiiorcint 
of the dote taken up in the fir^t jdiaM* 

A LntLEV If 1 undir'tood vou cor* 
rcctly, you felt Uiat mature red cells mill 
very IiirU gram i-ounU must liavc ongi* 
natc<t dirtxUy from the p^^no^aioblt^t 
without any furtlicr divn-ions Ilowcvir, 
reticulocytes arc almost as avul for nwlw 
active iron as pronormoWasta Thcrefon*, 
at the tune of lalwling, the immalurt n ticu* 
kxrvtcs mav liave Ixxa vs inUitstly lalxlcil 
as tiiC prononnc)bla>t 

E ta AU'e.v I>o you refer to ifiC raJ’ 

A Lh-sLet No the rabbit 

h L. Alpea It IS not tree for the rab- 
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bit, and I certainly know it is not true for 
the dog or human Immediate! j after label 
mg if the a%erage grain count of a reticu 
locjde IS 10 tlien the a\erage gram count 
of erj throblast would be 2o0 to 300 

A Erslev Didn t Dr Lamerton show 
some data to the contrar\ m the rat’ 

E L Alpen The rat is a \eo unusual 
species m that bemoglobinuatioD does not 
begin until late in de\ elopment of the red 
cell This IS not true in man dog or rab¬ 
bit In these species hcmc^lobimzation 
starts at the tunc the cell becomes an 
erv throid precursor and there will be a slv 
to eightfold difference between the intcn 
sity of label of erj-throbla t and reticulo- 
cj-te 

C P Leblond Are all the<e i-elL> able to 
take up radioactiie iron’ UTicre docs it 
stop’ Immediatelj after mitosis’ 

E L Alpen In the dog iron is incon>o 
rated b\ all er\ throid cells from the earliest 
er}ihrobla‘'t to the most mature reticulo 
erte 

C P Leblond Is it not possible to c\ 
plain the difference in the gram count by 
the fact tliat different cells would begm 
taking up iron at different tunes or tliat 
the rate of mcorporstiaa of tanous tepes 
would be different’ 

E L ALPE^ Nearh all tells inll be 
labeled within two hours of injection of 
iron The relationship between the gram 
count of the cell and its state of maturation 
IS a simple one It isn t because it is aa 
eiythroblast that it makes hemoglobm 
twice as fast It is related onl\ to the c>to- 
pla^mic lolume of the cell If we assume 
that the enzj-mes re ponsiblc for protopor 
phjrm sjnthe«is are present in constant 
concentrations in the r> topJasm the quan 
titi of c>'toplasra will determine the gram 
count per cell If the erj throblast (earlj 
pronormobta.t) has a gram count of about 
300 then the pronormoblast will haie a 
gram count of 100 to 200 late pol>chro- 
niatic normoblasts will ha>e a gram count 
of oO to GO and the reticuIoc\'tc will ha\e 
40 to 60 In the reticuloo-tc this is after 
the period of mitial labeling There are 
onl% 7 to 10 grams per cell m those reticu 
locj'tes which are direttlj labeled 

C P Leblovd How s)on after injection 
arc these counts obtained (except for tlie 
reticulocj'tes)? \Mien jou gi%e er^'thro' 
poictin does the time for the change in 


production of red cells fit with its effectmg 
stem cells’ 

E L 4lfen The nucleated cells are all 
labeled within the first two hours If one 
giieserjthropoietm and then measures the 
iron incorporation jou can not see a reall\ 
appreciable change until 24 to 36 hours 
after eiythropoietm injections lia\ e started 
One can never see immcdiatelj the effect of 
a «iDgle er^-thropoeitin mjection 

F Stohulo. Jb Some of the changes 
m red cell production followmg bleedmg 
cannot be explamed bj mcreased mput 
from the stem cell alone In the rat the 
peak iron mcorporation is normallv reached 
m 60 hours In the bled animal this time is 
shortened to 4S hours Moreover we-cea 
change in the reticulocvtc values earlier 
tlian can be explamed bj •stem tell probfer 
ation 

I want to make it dear that I am not 
trvnng to explain the entire regulation of 
red ceil production bv anv one mechani ni 
It IS ni> contention tliat there is ample en 
dence to suggest that all changes in cell pro 
(luction do not ncccssanlv proceed from 
the «iem cell e g, the change in emergence 
time which Dr AJpen ha> ob-erv^ m 
dogs and K e in rats the appearance of Fe** 
m reticulum cells 12 to 24 hours after its 
adjnmi<tratioD which Dr Mpen has de 
«cnbcd and which appears compatible with 
a death process 

\ P Bond Dr 4Ipen wliat is the mag 
citude and time of occurrence of the reticu 
locvtc response followmg bleedmg in vour 
animals’ Arc these compatible with an 
effect at the stem cell level and corutant 
generation times’ 

E L \lpen I dont have the data at 
hand Me have never done reticulocvte 
counts verv earh The reticulocvte re¬ 
sponse dop'n t rcallv start until aliout 24 
to 36 hours after bleeding 

Inanswerto Dr Stohlman theweightof 
mv argument for the entr> of ‘•tern cell* 
does not rest on all of the ancillary data I 
presented It re«ts on onlv one thing the 
difference m the rate of change m the per 
centage of labeled ervthroblasts m both bled 
and control animals while the ratio of 
change of gram counts per cell is unaffected 
There is onlv one wav tliat the percentage 
of labeled cells in the bled ammala can go 
down at «uch a dramaticalK rapid rate bv 
the entrv of an unlabcled cell population 
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mto the sample There is no other cxplana 
tion 

F STOJ^LalA^, Jb. I did not mean to 
unplj that item cells do not increase The 
OQC tiling that has bothered me most at thu 
conference is tJie compulsion to explain any 
and all changes m the rate of cell produc 
ttonoathebssiaafoaemecksaistm ^Istbe 
there IS more than one mecbanism How 
long does it take to get from the item cell 
to the circulating reticuloc^'te’ I am certain 
m the (log it 13 0 % cr 24 to 36 hours 

C L \nPEN "i it IS longer than that 
In m} paper, m nhich 1 nas able to go into 
thisiu a little more detail, I hai e mentioned 
that I ha% e not studied the fir^t three dai^s 
after bleeding cerj carefuHj A dog cannot 
be bled half of bis blood volume in one da> 
One gap tliat muit be filled is w liat happens 
after one single seicre bleeding I dont 
propose this as the oiil> ansner but that it 
IS only one of the pnucipal mcciunj^ms I 
don t tlunk one can account for all of the 
observ ed rcticuloc\ te re;>ponsc3 on the basis 
of our model There ma% be another direct 
action ahich causes the earl> release of 
reticuloe}‘tes 

L Lsuckton I think it la possible that 
if the Dumber of earl} forms increases the 
reticulocjtes ’iill be pushed out quite 
quicUv, ]ust as nhen the population of 
(^arlt forms IS depleted there appears to be 
a holdup m the release of the late forms 
tMicUier tlus is a mechanical holdup due 
to grouth pressure I don t knou If tins 
a ere the case a norraal population of ca»l> 
forms would lia%c to be established before 
the rate of release «as arliiocd 

H QtesTLEB Following irradiation >ou 
obsen cd that the label came out faster Is 
this true wlitn the blooi) count was about 
normal? 

L L-cuEUtoN Hitslias not IxcnthceLed 
>ct 

H QecbTttn If \ou lusc a iituation 
where >ou haic liad oicrprodurtion and 
slop it, as Dr Aljien profwsxl b} ihunliog 
into the pcnplicrc i few cr^lhrobLists 
which norinall} would dnale a few more 
time-; it would moan ttiat the iron which 
iiorniaUj appeirs in the i*nplim onI> 
after h.\ oral mito'cs now cnicrgc>i earlier 

L I \LrL.s This H not Iht caiK Inmj 
modi 1 (r/ fijjs a and 0 AIikq and Cran 
more, paj-c 297) the proiwrtion of nils 
maturing from erjthrebla^ts without d«i* 


8ion 15 a!wa\s constant and unaffected b% 
the proliferatue =tate of the marrow The 
absolute number of tells w hich should come 
throi^h without di\nsion depends on the 
marrow lolumc Thu-i, the proportion of 
mm going into tlie ^hunting’ celU would 
be constant \s»umc that normalls 3 per 
ccat of the mtbreblasfs mature without 
dividing Following maximum marrow 
itunulation the blocxl volume returns to 
normal and erj thropoictm production 
stops Then the rati of differentiation of 
stem cells would be reduced but the rate 
of shunting maturing erv throblasta is still 
5 per cent \dmitted)} it is 5 per cent of an 
enlarged population but this does not 
cliange the rate of appearance of iron Five 
per cent of the tot^ iron stil! emerges 
through this same process 

U Quic&TLcit It would appear to me 
tliat cnlhrebhists would rcsixmd to lomc 
signal wluch “a\' Dont divide, nu 
tun* in u hich cose the rate at w hic h tlicse 
cells emerge would be affecto) and hence 
the rate of ajipcarancc of iron 

E L Ai.r 2 :.\ Tlus bv passing la a normal 
process The fraction of nils affertc'U u u 
constant no matter w hat the btate uf oc 
tnitv of cnthropoiesis \ return from a 
stunulatKi to a normal stall ot curs liv v ir 
Cue of a dci ruL-e lu the number of vtcm 
cells differtntutwg mto on Uirebhsts No 
Mgoal is required to itimubte or dcpreris 
tills ptOCCNl 

L G kiJTii V ] Uunk the argument lie* 
tween Dn ''Uihiman ind \Ipcu is a ques¬ 
tion of degree rather than km I I don t 
tliuik that anvbodv would sugi,«'st that 
there 13 no ceil death m the trvthroi 1 Knin 
I gattier from Dr :?tohlmans irguiiunt 
Out be iDipbcs that llva i* a rather large 
factor which normailv dcstrovs a fair 
amouiit of the larlj crjthrobla-1* to suib 
ail extent tliat after bleediuR e-tojjjiagc of 
(xll death ciiablcitht duphcatiun in J<(uad 
ruplieatioD of llic number of nonnobla-its 
This wouid iinpi> tliat normal!} c» il ilcath 
tsaverv largo factor—four times th< atlua) 
numlwr of normiblists prenivl oUicnvi?*- 
\ou could not bv ->toi)|iuig it imna.-i. tic 
ouuilxrs four tiroiw. 1 ilon t lliuik tlurv is 
•uiv cvwkncc for '•ucli a degn-c of till dmUi 

F ''TOiitacvN Jk First wt mu I r» 
membir that the Iwne numiw mav l<c 
lalicd on t<» repbet Ivs^ tlian otw-lLalf tlic 
Idoui! volume, oreas^jonall} a» hltk as 1, 2 
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or e\en o cc Is thia accomplished bj in 
creasing stem cell differentiation* Is it not 
rca^nable to sugge:>t that there maj be 
other mecham_ma* Perhaps one for lela 
tiselj minor blood loss and another for 
pamc situations such as major blood 
loss an extreme of this being the loes of 
one half the blood lolume* \s 1 have said 
before there are probablv multiple mech 
am. ms 

Non assume thatnonnallj 1 pcrcentof 
nucleated red cells die each daj assume 
four divisions occur between endhroblast 
and reticulocj'tc that crvlhroblasts make 
up onl> 3 per cent of nucleated red cells if 
all cell death occurred amongst eodhro- 
blasts then } ou could hav e a oO per cent 
increase m output if Uus «ort of death 
ceased I dont mean to imph honever 
that this IS the only vay of increasing red 
cell output 

G Breciier If the proportion of all coll 
f) pcs Is constant under aff circumstances 
and the tune thev spend in traa.it through 
these compartments remains constant then 
the reticulocyte count in the peripheral 
blood should at all tunes giie a perfect 
measure of red cell production If not 
either you dont have a steady state nhieh 
I think IS the be^t possibility because of the 
reticulocvte peaks or the relative propor 
tions don t remain constant 

L L Alpen The relative proport ods do 
stay constant except that stimulation uu 
tiallv increases the number of crythroblasU 
relative to the later forms Me would pre 
diet this because in an expanding bone 
marrow the influx of stem cells would first 
increase the number of eryihroblasts the 
erythroblasts would *tay a little bit ahead 
until the «tcady state was reached The 
reticulocyte number would tell vou some 
thing about production onlv in a Meadv 
state whichvre never achieve Tliere^ponse 
to bleeding is a rapid peaking of actmtv 
followed by a rapid fall off Hence we are 
on either the up.lope or the downslope The 
relative number of reticulocvtes in marrow 
and blood is another thing that must be 
taken into consideration Me know that the 
proportion of reticulocvtes in blood m 
creases following bleeding The reticulocyte 
count therefore is onlv a measure of pro¬ 
duction in a steady state 

F Stohluan Jr. It seems to me m 
Dr Er«lcv8 experiments the reticulocytes 


appeared m the penpherv earlier than can 
be explamed soleK b\ «timulatioti of «tem 
cells If one assumes that responses are due 
solely to clianges onginatmg m the <tem 
ceil then the adnumstration of colchicine— 
which affects onlv mitosis and not release— 
would not re^t m a prompt fall in reticu 
locyies 

k Erslev I don t think there is a basic 
discrepancv In the rabbit the time for 
maturation from the early stages until the 
release from the bone marrow is probablv 
le«s than 48 hours The rate of Fe” mcor 
poratioD and reappearance m circulating 
red blood cells supports the thc<is tliat nu 
cleated red cells spend a verv short time in 
the marrow Lndoubtedlv when vou ad 
minister an anovic stimulus there is an 
earlier release of reticulocvtes from the 
bone marrow than normalh In acute blood 
loss anemias for example unusuallv un 
mature reticulocvtes are released mto the 
circulation poasibfy squeezed out bv m 
creased pressure m the bone marrow How 
ever the time ‘pent from «tem cell differ 
entiation through three to four mitotic 
divisions until the cell reaches the reticulo¬ 
cyte stage IS probablv of the order of 24 to 
48 hours 

E L. AuEN Mv iron studies «how evT 
deuce of destruction of red cell precursors 
12 to 24 hour* after the a Iministration of 
iron \t this time one secs labeled reticu 
ium cells m the bone marrow I tlunk that 
these cell* usmg Dr Bes.is pnnciple 
couki account for the ob-erved increase m 
non incorporation that Dr Ntohlman saw 
after the administration of altitude pla-ma 

In conrIa.ion I aho should like to sav 
that I don t feel that mv model is the an 
swer to the whole problem of red cell tegu 
lation although it amwers the majontv of 
problems I t hink most of the cell produc 
turn m the «evereh 'treated animal is bv 
thto mechanism but I aLo believe that the 
aiumaimay have another regulatory mech 
anism which is responsible for handling a 
®hort term strc«» that will allow a more 
lapd proliferation unler a verv hean 
'^timulua 

In this regard Dr Lajtlia and I injected 
one rabbit with thvmidme ven earlv after 
bleeding and found an increa.«evl percentage 
of positive ba-sophilic normoblaets which 
would indicate a shortened cell cycle (gen 
eration tunc Ed) This would «cem to 
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mflicatcUiatxerj earlj after blecduig«ame 
other meclianisra is acting 

REFERENCES 

1 Suit H D \ techxiiquQ for eatioiating 

the bone marrow cellulantv lo tito 
using Fc‘’ J Chn Path 10 267 I9a7 

2 Lamerton, L F, Belcher E H and 


HaxTiss E B Blood uptake of Fe*' 
u> studies of red cell prodaetJon This 
conference page 301 

3 Harri'ss E B Studies with radioactis-c 
tracers of cr>thropmcsis and erjtbro 
ej tic life pan in espenraental animals 
Pb D Dissertation Univcr it\ of Eon 
don lOoS 


Discussion of Iclcutity of Stem CcU and Site 
of Action of Erjtlirojjoietiu 


J M "ioFFEr I W33 interested m Dr 
Alpcn s coocluaiOQ that the increased 
e^^'th^opoletlc attuit^ mtolved the stem 
cells Our group has noted erytliropoictic 
stimuhition in response to anoua The mar 
row erjthroid population had to increase 
appreciablN before new celU were dis 
charged mtQ the blood R e then looked for 
stemceila Sueha«earch<.anl>capproaihcd 
ID two You can ]uat talk about stem 
cells and never trj to ideutifj them If jou 
ilatliat jaugoitiforsonie«ortofhecnato 
logit n)>st]cism Or el«e i ou tao look at the 
marrow and tr> to find a stem tell I m 
borr} to be bonng about this I know a lot 
ot \ou think Tlua chap hoa got a bi-e in 
lus bonnet. However the onl> other cell 
w e found increased dunng this (.nlicai cariv 
period was our small IjTuphotvte 

A second oituation la which we looked 
for the appearance of stem leils was Uiat 
following irradiation R c ga% e an animal a 
«ubkthal do^ of imdiation and t)iin cx 
ammed tlie marrow r{uantitati\cK at inter 
%als e found tliat before there wassi^nif 
leant re<l cell or granulocj'tic n-gcncration 
small Jnnphocj-tcs in the marrow inrrcaMd 
twoandalialftimc* In our normal gumea 
pig marrow we get ^methmg like 4 X 10* 
‘■mall hniphocjt«> per nun* hollowing ir 
radiation the «maU Kmiihoc^tes jiHna.s>J 
to 1 X !0‘ That was the onb stem cell 
that we could find If anvont can sliow rot 
another stem cell 1 ^liall lx xco fthid to 
'ce it 

h L ALPias 1 preiiou 1) sJid lliat we 
propiee tiwt enthnpoioUn does not m 
crease the number of din ioa« In fact it 
doesi nothing to the «tcni coll»x« pt dirvct 
the differentiation Now lit us a-viKH to 
the stem «ll a plunjwtential function In 
Cl k ntalK, the nature (f the sU m «11» not 


germane to the a^inent Presume for the 
moment that the reticulum cell or hcnio- 
cvtoblast la the stem ecll for tlic rrj lhn> 
blast and that it is also the stem cell for 
tpithcliai tells IjTnphobU U etc If we 
have a sudden need for production of cr> t!i 
rocjtes tbeonb thing that need be iJontw 
to salvage <ODie stem cells that otherwise 
might digeniRite into late reticular forms 
and dintt the differentiation of thes. nils 
into ervtiiroblftsta The rate of division of 
stem cells (icnl not be increased nor is an 
locrcascd number of stem nils nct«?«sarv 
Tiic number of crj-tlirohlosU is not large 
and doubhug or quadrupling their number 
does not require an increase in the number 
of stem cclK whitb are ulnad> numerbUB 
cnougii 

L O Jacoo'On {n transfusion m luc-cii 
I>o)\c>'tlHmic mice u riticulocvtc revjioiisc 
begins approximateb two daj “i after ir> th 
roimictio injection This aji,rec3 cvK’titidlb 
with data tliat Dr \Jjx-u uml others pre 
sented on blast to nticuIoc>tc tunc 

1 should uI'O hkc to pre^ut an ixjicn 
mint we are currenth doing I\h<« one 
transfu.%9 a mouse with homologous red 
ceils aod elevates the hematoent to about 
70 {KT cent, rwl cell production goes lo 
2 cii> Tlus jxibijlhcinic mouse is mow ir 
raduted with a lethal dose of x irndiati m 
and givtci rat bone marrow TIk j*ob 
Qtlirwu Is mamUmol b} alministenng 
Iiom jlogous mouse red «lU as luxv-.sarv to 
auuntain clecatcd hcinalocnt Thus no 
iTVthroj»Hfi$ is mitiatcs) wlarr-is tlie 
moU'S. inakcc rat k-ukoevtcw and pbUhte 
Vfter olxiut 2o daeii the rvd cell mass h 
)> n>uj.ht<lown and Uie mouse immisiuUb 
U-gins to make rot r«f nf/« B c mav a. k 
irtirvjKc-i the qm-^tion From «li h jre 
eur>or ur eel) tvjx dxJ tin rat mi c-iils 
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aru«^ Either muhipotential cells began pro¬ 
duction of rat red cells i\hen the stimulus 
for red cell production was reintroduced or 
differentiated rat red cell precursors laj 
dormant m the marrow during this three 
w eek period 

E L \lpen This IS a \ery beautiful 
obser\ation It might pro\rdea waj to get 
at the stem cel! question The hj-pertjan» 
fo-ion aplasia of bone marrow docs tie in 
w ith this The fall off of production of bone 
marrow following hj'pertransfuaion docs 
check m time with our other observations 
the bone marrow activitj reaches its low 
pomt m tw o and a half daj s 

J M ^ OFFEi \\ e do not find a great 
reticulocjte store in tie marrow of the 
gumca pig e find in the blood about 7 o 
X 10* reticulocidcs per mm* and an ab¬ 
solute marrow count of 2 o X 10* reticulo- 
evtes There is not a big re^rv e of marrow 
reticulocjics 

E L Alpen In man and dog the num 
ber of rcticulocjtes within the bone mar 
row is equal to the number of nucleated 
cells 

J M "iOFFET This la ven pertinent 
Our nucleated red cells lu the guinea pig 
marrow are 4 x 10* reticulocjtes 246 X 
10* If 30U diachargeall lho<oreticuloc\tes 
we still wouldn t have a large number for 
rapid addition to the blood our marrow 
volume IS 62 cm* and our blood volume 
18 28 cm * 

E E 0-sCooD Dr 4Ipen wliat proof is 
there that the cell of origin is a multipoten 
tial cell? Couldn t it be simpl> a blast cell 
that IS already definitely going to produce 
cells of the ciythrocj'tic «ene» but has not 
yet developed the capacity to incorporate 
iron^ e hav e cultures containing erv thro- 
cytic cells which we could get to grow onlv 
when there were dcfiavtely wieleatedervtU 
rocytes present in the blood from which 
the culture was denved Perha|» it is a 
question of semantics but I can not 'ee 
whv an alpha 2-alpha division in a rubn 
blast or prorubneyte that was definitely of 
the ciythrocy tic 'enco but not v ct incorpo¬ 
rating iron wouldn t explain thc^e results 
equalh well 

£ L. Alpen I have avoided (ompleteh 
the question of what is the stem cell 1 just 
wrote «tem cell on the slide and dont 
propose to get mto any arguments about 
what it IS at this pomt I dont consider 
the pomt productive But if it was alieadv 


a differentiated ervthroid cell wewouldsee 
in the control dog a dilution of the labeled 
eiythrobla^ts by these unlabelcd cells \\e 
don t «ee this Perhaps this is becau«e it is 
a very small number in the control but 
much greater in the bled ammal \\c do 
know that m the bled dog there is «ome- 
thmg entering the cry throbla^t pool Itmav 
be a lymphocyte as Dr '\offey propose* a 
primitive progemtor cell as Dr Cronkite 
calls it a*temccll as I call it or whatever 
you may happen to call it 

L G L&JTK.V lu reference to Dr Gor 
dous paper Dr Alpen mentioned that we 
have tested Dr ^ an Dvke s preparation of 
crythropoietm in human marrov s m v^t^o 
measunng «everal parameters—D\\ «vn 
thesis rate of cell proliferation iron up¬ 
take—and found no effect This on the face 
of it fits mcely with the concept of tl e regu 
lation of crythropoiesis which Dr Alpen 
proposed I do not see anv prmcipal contra 
diction between these findings and tt o:^ of 
Dr Gordon Fir^t of all it is pos^il le that 
this substance m the unne is in a conju 
gated form of *ome *ort and has to be de 
conjugated which happens in vivo But 
when we look at Dr Gordons figure^ one 
wonders whether this is a direct effect on the 
proliferation of ceils alreadv differentiated 
intocrythroid forms oranmduectactiODon 
a stem cell \\'hichever wav I look at it no 
explanation ^n'lns po-vible If it i» through 
a stem cell the imphration would be that 
withm four hours a large number of stem 
cells would have to nrh through to polv 
chromatic normoblasts because for the 
mo t part the*e are the celU which Dr 
Gordon counts Tl e tmie i* far too <hort 
for such development* If the material la 
acting on mito is then it woul I imph that 
a whole population of relativelv late nor 
would h.a%c to douW* We know 
the normal mitotic mdex rate of DN 4 
synthesis per cell and proportion of cells m 
DN 4 “vnthe'i- for the late normoblast is 
extremely low There would 1 ave to be a 
complete cell cycle for everv one of them 
within four hours It doe<n t make «en>c 
Nevertheless the facts are there an 11 *ug 
ge*t ttiat the-< facts not onlv raise the quc«* 
tiOQ of the mechanism of crvlhropoie^u 
but also raise \ ery basic questions m gen 
eral cell phvsiology It is cxtrcmelv impor 
tant to studv the mecliaimm of proce-^es 
occumng m Dr Gonlon s j rvjiaration 
A ts Gordon We are aLo concerned 
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aix)uttherapiditj withwliuhthenutleatwl 
RBC mcreasca occur in the isoiitcd himl 
IfK pn paration ijerfiwxl n jtJi inatcnal coa 
tuning erjUiroiKtatin The factor ma\ act, 
in the ivilaleil pcrfu'C.l prepar-ition, bj 
proiokmg mitotic tlmsioii, partuiiUrl\ at 
the Icicl of the ijolicliromatic Ila^nlobIa^t 
In the jxrfusion s-tudirs, we h iie ,iicui»u 
latcil fcome eiidence for the ton\fr«ion, 
under conditions of cr\thropoiLtic stimul'i 
tion, of hmphocitcs (“small round tells ) 
into members of the nmkated RBC senes, 
as propc«cil b\ Dr Yoffei But such Irans- 
fomiation would li.iie to proceed in a 
greatl.i speeded fashion to account for the 
incrcjted numl>er» of hemoglobin (ontain 
mg IIBC within tlic marrows of hind legs 
perfumed With urinan, cnliiropoittm for 
the thort time of a lour hour {xrfusion 
Another jxi^sibihtv is that the fiator oper 
ates ilcireasmg tlie rate of tell death in 
the «i irrow We projxi^c to test thi "O po^ji 
hthties with radioisotopic nitthods It 
should Iw riintmbercd that we are ih“ahng 
ticre with ii hrab and its* containwl marrow 
«eparattd from the rest of the IxnK It is 
conniitble tliat under thc«c conditions, 
ilivorced from an> possible n'lnining in 
flmnew which might be txerlcil b\ other 
organs, hcmoixnctic process niai pnKced 
III a manner quite dilTercnt from what is 
««a in the intact orgjin?m tShatiier the 
explanation mai U, the bald fart nmaiiis 
tiiat tn irked increases in tlic absolute imm 
bins of Inmogluinn bmniig michatod RBC 
occur in the imrrow^ of limbs ixrfu<^-d for 
four hours with bl«xl to which uninrj 
erthnqiox till has Ixt!) ultlrd 

V R POTTMi Dr Oordou, is»ti»os.-MbIelo 
iictecl a d( c n asc in anx other i lias of « 

Is tile total number of ctIN n» great aiwl 
this turtii ular frac tio» so *m dl that one b 
not 111 a {xisition to fiiwl out where thrv 
am coming from? 

A b GoiuxiN Ttic counts we make ore 
expni^-«{ m at>^oI^tc iiunilKrs, not in iicr* 


ii\ 

ccntjq,M The nucleated IlBC of rat mar 
row ooni)ins.* alx>ut 25 jxr cent and the 
graauloexU-- alxmt 50 jxreent of the t<rt-il 
ourleaUx) eilK Tin re b guicraJli little 
change m the toUd nuckatcil tTlIuhintx of 
the fi moral marrow afti r four hours of jx r 
fusiOH Tlie in< rex-x-s in the numlx fs of 
nueWUxi RBC ciokixl bj enthmjxmtin 
ate usu illx assiciateil w ith dw nn.-cs m the 
nuoilxirH of gramiIoc> tic and oec c-ion-dlx 
hmpliocitie dements It would nhno-t 
xeem tliat Mimuhtion of the production of 
one cell txjw m tiic jxrfuHxI h'g diuunti4 
tlul production of otiur cell Dix-s be si 
multaneuudv dcprcsKx! 

V R Porrtn I think then* i> nawm 
to dcHfiix diffi rcntialion m gmerd as 
imluition of I ►jM'cific inzxnnc m a tci! 
nlueb has tlx fiottnliitlit} for it hut hrks 
adua) amounts of iiizxme, it t whiih must 
Imc liuj Iho I[itvmc-fomung "xsUm 
Thift* is u xerx luxful technic which lu< 
been u«ol not onlj m bactena. but in main 
maliji) tivuea, i}u»c]>, tin |>mintio» of 
ciizxnic induction b\ the iiiInuiiiMration of 
cthiotimr In u situation such as tins om* 
couh) MluuitiiUr ethionme and ixr)ui[»i 
block the «•oD\lt>Jo» of thus stem erll iiitu 
the cell whicli i>oxs>iMS the nixexMr> rn 
mm ami zs thenforv hi d<rimti<iCi now a 
dilTcrentiatei} I'e]) iVrlia]xs oiii ivuld u^‘ 
lolrhicmo and ctliiomne as two cumjdc* 
Dicntar> tooN, one of wluih would hhxk 
ceil duL'^mti etnd Uie other diffcrmtution 
(di0in»liatii)n Ixiiig dtruiixl in t»rms of 
the pnxluctum of the sjxtifii uii>me) 

I tiiioimie has Ixxn u-xxl tu intact untnu!-', 
sod the n fore 1 think it (^u^iit to )x> |sirv iblc 
ID a ixrfu'ssl hmb If thin, ii un ifTecl. 
then xou could aduuiu.--tcr mithumiu' in 
tlic pn-xnce of rthionmc inJ it diould n* 
xtoJi Um' abihtv to difli mituitc I likcxi 
Dr AljKns gcmnil‘ug„i''tion x»ri much 
anil I think it iiiak('< a great dol • f n a«e 
tlut i\, (xxiltrxinii of a iiolriili.iI nil into 
anotbir without the 'xcumni'c of red diii 
sum at this punt 



Properties of the Urinary Erythropoietic-Stimulating 
Factor (ESF) 

By Albert S Gordon, John W Winreirt, Blrton S Dornfest,* 
JosEPu LoBle \sd Anthon"! Crlsco 

erythropoietic stimulating factor (ESF), aloo termed hemopoietm(e) or 
-*■ erj'thropoietm(e), has been demonstrated uneqiu% ocally only m blood and 
unne In this regard, blood has been extensi\ely m%cstigatcd, and the more 
constant sources thus far unco\crcd ha\e been plasma or «:erum from animals 
•subjected to anemic or hj^poxic anoxia and from anemic humans * * » i* 

It la only recently that attention has been given to the urmaiy excretion of 
thia factor Hodgson and Toha** observed that the unne of repeatedly bled rab¬ 
bits 'ped regeneration of hemoglobm m rabbits subjected to a standard hemor 
rhage The fir«t indication of erythropoietic stimulatmg actlv^t> m human unne 
u as noted m a case of Cooley s anemia Follow mg this observation “sev eral re¬ 
ports appeared demonatrating the existence of the ESF in the unne of patients 
with Coolej 3 anemia,'® * h>popla<tic anemia,'® ” ** leukemia associated 
watb anenua,'*' ^ and in the unne oi rabbits rendered «ev erely anemic with 
phen>Ui>drazine'* Ijniie from normal antmais or human subjects posse-«ed no 
erythropoietic stimulating activity'* •* '* ® 

The pre^nt paper desenbes the mcidence of occurrence of the unnarj ESF 
in patients vvith Cooley s anemiaf Rnd delineates ^ome of its biologic and chem 
ical properties 

Relation Between the Degree of 4.n£mu in Coolev s Aneuiv 
Subjects vnu the Presence op the ESF in Their Urine 

Prev lous «tudies'® '' mdicated that unne from children with Cooley’s anemia 
was a less constant source of the ESF than plasma from the same patients At 
that time, no relation could be drawn between the presence of the ESF in unne 
and the intensity of the anemia or the d^ree of concentration (‘specific gravity) 
of the unne Alore recentlj, we have extended our studies of the unnary ESF 
ui Cooley’s anemia to mclude 13 patients who contnbuted the 30 unne samples 
tested Ul unnes vv ere collected ov er a two- to three-daj penod pnor to the day 
of tran^fu'sum The specimens were kept under cefcigecatina dunng the time of 
collection and for the experimental penod thereafter The method emploj ed for 
‘crcening the unne samples for erythropoietic stimulatmg actmty consists m 
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Table 1 —Relation of InttMii^of Int RiainSu6jC£« ft ilk Cooley » \ne ntJ 
(o (he Incidencb 0 / BSt Ichnfy tn Their V rtne 


So uuap\ei 1 

1 Dmm Bb nog« 1 

Gia.*'! 

1 po> 1 e rcspoBHi 10 

10 i 

3 5—1 S j 

90 

10 

4 8-0 9 1 

SO 

10 1 

6 0-12 0 ; 

20 


injecting subcutaneously 3 ml of Ibe bhered unconceutratod unne dailj for fix e 
consecutive dajs into a minimum of three adult female rats of a modified Long 
Evans strain * Penpheral blood bematoent and reticulocyte detcmimations arc 
made pnor to the period of treatment and on the div following the fifth injec 
tion An increase m reticulocyte numbers accompanied bv no decreas; or prefer 
ably an mcrease, in hematocrit values constUulea a positive response Rcticulo 
cyte mcreases associated with a fall ui henulocnt are interpreted as due to lytic 
effects and the re':pon«;e is not deemed positive 

It will be noted from table I that 9 of the 10 samples obtained from patients 
vnlh hemoglobin levels mi^g from 3 o to •! 8 Gm percent elicited po'jtne 
erythropoietic MuniUatuig effects m the recipient rots Samples from patients 
with heraoglobui values raugmg from 4 8 to o 9 Gm per cent were SO per cent 
effective, whereas a low incidence of actmty was obsin od ui the unaes from pa 
tients with hemoglobms above the 60 Om per cent level It would thus appear 
that a positive correlation does exist between the intensity of the anemia m the 
donor subject and the presence of the ESF m unae Our mabihty to demon trate 
this relation previously was probably the result of not hav mg sufficient nuniliers 
of samples from mtco«ely anemic patients 

Effects of a Hjghuv \cii\e Liunl. on 
THE Total Nojibehs of RBC 

Table 2 mdicates the marked effects of a highly active unne fcamplv (TR 1) 
obtamed from an 8 year old boy with Cooley s anemia (hemoglobin —i 8 Gm 
percent) on the hematoent and reticulocyte values of rats Attempts were made 
to determine the numroil effective do«e of Uus unne with our standard asKav 
procedure Tour groups of three rats each were uyected daily with i}uanlitic« of 
the unne ranguig from 0 5 to 30 ml per day for five day© tigurc I mdiuito 
tliat proportionately greater ri*^ mreticulocyte and hematoent values occurred 
with increasing amounts of unne up to 2 0 ml per day On this particular oc 
casion, the 3 ml daily do‘=e was Icss effective in augmenting tlicse parimetcrs 
than the 2 0 ml quantities probaWy because of nime supcnmiiosed toxicity 
manifested by nonerythropoictic componentsof the unne at the higher dD-a. 

* laalnitetab exes the buman urine was well toleraletibj rata of our colonv Nouiito 
ward bimptoms developed after adroini^traUon of bb many ua 2d daily injcctioa* of ncti\o 
urine VIorcover, the urine treat* i rats <li playeci 1 od) weight gaina comparal !e 10 il o-e 
cxjienenceil by untreated conlrols Tbe toxic effccU tdj«cr%cd onlj occa^iocudl' ma) l>os 
Mbly be the result of larger amounta of notier\lhn>poiet»c Ijlic componei li of unne or to 
the presence of antigenic nutenal in the** particular unne epccimena 
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T\ble 2 —Effects of S Daily S ml Injeettons tff Urine From a Child tctlA Cooley s -Inmia 
{TR 1) on Relieuloeyfe and Hemalocrit Values in Rats 



B—value before treatment 
A—value daj after last injection 



0 & 10 20 50 

DAILY URINE DOSE tML) 


Fio 1 —Erjtlvropoietic re pon«e to four dose levels of active untreated unoe from a 
child with Cooler s anemia 

At other times t' hen this unite sample was assa) ed, the 3 ml dose did not rev cal 
this diminished effectiv cne'^s 

It =eemed important to determine whether adnunistration of this urine would 
produce true polycythemia in recapieat mts To this end, the labeled RBC dilu 
tion method of Berlin et al * for estimatmg total circulating RBC volume was 
modified for determination of the total RBC numbers Donor rats received 20 
jic Fe‘*Clj mtrapentoneally V week later, the donor RBC were washed to con 
“itant activitj with plasma and a sample administered intmvenouslj into five 
adult female rats which previoud> had been mjected dail> for 11 dajs with 3 
ml of urme ‘■pecimen TR 1 The total activity (4i) and the total number of RBC 
injected (Ri, determmed with a Coulter electronic counter) were ascertained 
Similarly, the activitj per RBC(a/r) was estimated for the blood of the recipient 
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Tables— c/8 cj UnireaUd Vnne Froma Child »«M CWcjf* Jnccua (.Til J) on the 
Absolute \umiers of Ctreulalmg RBC in Hats 



[ BiUKMU^CpulQgCm BodjVIbjbt 
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Vzioe Ueiud 


1 520 

61 0 


1 5t 5 

62 2 
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53 1 

j 69 G 

Mean 

at 4 

; 62 8 

SEn. 

1 3 

2 1 

P 

<0 01 


nts 'iftcr random distribution of tbe cells in the circulation Tlie tot il numlitr 
ol circulating IIBC(R) nas calcuLitcd from 



The >alues for the fi%crati> treated with netne urine TR 1 and tbo'*, for fno 
untreatcdratsarcgiAeDm tabled Itisapporciit tlut tbe unae produced a highly 
significant augmentation in the absolute numbers of RBC, m this cd-<} imount* 
mg to 11 4 biihon cells per lOOGni bodyueight,or approximately u20 percent 
increa&e Hematoent ^alues uere augmented to (he unne treated rat» from a 
mean of 47 5 to 67 8 per cent, also au increase of approMiaately 20 per cent This 
\Nould tend to indicate that the erythropoietic stimulation caused b\ the actuo 
urine is associated with the production of normal '^iicd RBC tnlii^c dye-dilu 
tion procedures for blood \olume determinations, total RBC values determined 
mill this technic do not vary mthin one to five hours after injection of the la¬ 
beled cells The method is independent of the stale of hy dration of the animal 
and local v anations in tisoue RBC concentration, and depends «oltIy on nindom 
mcviag and counting statistics 

Nvtvue of hie Reticllocytb Response 
Additional evadence for enhanced JiBC produetton nt nts treated nith ac/iie 
umie la fccen from the intensity of tbe rcticulocy te rc^pon-'C, chanctcnrcd by in¬ 
creased numbers of immature forma Thu'*, ns nccu m tabic 4, daily ■subcutaneous 


Table 4—C/a**jyIfalitwo/ »b Blood of S tulreattd Hats on t S Rats 

InjecledDattyforS Days (f ilAS mt 0/ trn«e from a CAiMH ifA Cooley s (Till) 

1/ean '“c lalucs (±S B ) for cocA caleyory are gttert 
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injections of 3 ml of sample TR 1 for 5 daja resulted in a pronounced shift to 
the left m the Heilmejer Trachtenberg formula ® It mil be noted that nhereos 
only 28 per cent of the reticuloe>tea m the blood of control rats were in Classes. 
0, 1, and 2 (most immature typea), there uere 57 per cent of this \anety in the 
unne treated animals These ob-eiNations further strengthen the ^^e" that '•uch 
unne po^'Sesses marked erythropoietic stimulating qualities 

pROPf-RTiEs or THE RBC Prodcced Lsncn the Stisiclus 
OF THE UniN \R\ ESF 

Linman and Bethell’^ ** ha^e repeatedly shown that although their boiled fil 
trates of plasma from anemic rabbits and poljcythemic patients induce marked 
eleaations in the numbers of RBC accompanied by intense reticuIocyto«is and 
mjeloid eiy throid hjperplasia m rats, the erythrocyto‘-is is apparently the result 
of mcreased production of ^ort b\ed microcytes and is not associated with in 
creases m hemoglohm lalues It was deemed important to determine whether 
abnormahties also existed in the RBC produced m re-ponse to unnarj ESF 

(a) Hemoglobin studies It was possible that administration of the unne had re¬ 
sulted in the formation of a defectue hemoglobin and that the ensuing erj thro 
cyto^is was a re«p>on'« engendered to compensate for this fujictional abnormahtj 
The methods of alkali denaturation and electrophoretic mobihty delineated b> 
Wmtrobe,** were etnplojed to test this possibility For alkali denaturation blood 
was obtained from three rats injected daily for 17 da>s with 3 ml of unne TR 1 
No sigmficant differences were encountered in the percentages of hemoglobin F 
m this blood, as compared to samples obtained from three untreated control rats 

In the electrophoretic mobilit> analj'^is, bemoglobui was obtained by hemo- 
Ijzmgthecellswithdistilledwaterand toluene** 6iil of approximately anSper 
cent solution of the bemolysate was applied to paper «tnps in a Spuico Model 
R paper electrophoresis cell Spuico B 1 buffer was uscd and four hours were 
allow ed for migration under the mfluciice of a cou'tant current of 11 ma per cell 
The positions, ‘■hapes, and sizes of the «pots for the hemoglobins of three rats 
treated for two weeks with actneunne were no different from those of three con 
trols No differences, m mobilities were apparent e\en after an additional eight 
hours w ere allow ed for migration 

(b) RBC resistance O«motic fragibty determinations were conducted on blood 
from untreated controls and from rats treated daily for 17 days with 3 ml of 
unneTRl ToddandSatffordsprocedur^’wasfollowed Figure 2 indicates that 
no significant differences exist between the Ij^is cuiwes for the bloods of two 
unne treated rats and a representatiae control 

(c) Fimctional bekonor of the RBC Additional evidence for the competency of 
the RBC in rats recei\mg unne from Cooley’s anenua patients is re\ caled in the 
changes of the reticulocyte leiels following two ‘•uccessue bouts of treatment 
To the left of figure 3 are the alterations m reticulocyte numbers after the fir-t 
senes of 12 daily 3 ml mjections of an eiy thropoietically active unne (PA 3) into 
three intact rats The nse m reticulocyte numbers dunng treatment is plain Of 
special significance is the descent m the reticulocytes to le\els below normal a 
few days after cessation of treatment This ability of the RBC, formed m excess 
numbers m response to the unnary ESF, to curtail RBC production, speaks for 
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(heir normal o^geii canning capacity Depicted to the n^it of figure 3 is the 
reticulocj'te re^ponM! in tlie same three aninuU to i second senes of 12 injections 
of the unne It mil be noted that the magnitude of the initial pliase of (ho rc’ 
«pon«e IS similar to that ‘^eii m the fiivt «cncs of uijectioiis, but that the Icstl 
tends to fall off after a peak reaction attained at va dnj *< 

Thus, from the hemoglobin, o-motic fragihlj, and rcticulocjtebthinor'tud- 



Fio 2 —Ostnolic fragility runes for hlouJ from a teptc cntataou&tn'alcJ ral auJ from 
Ud raU receiving cr>thropoictica}l> acme unite (rent a child uith Coolej k anemia 
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les, it would seem that the RBC e\oked by the urinary E3F constitute a func¬ 
tionally competent population of cells ITiis is unlike the situation described bj 
Linman and Bethell m their rats recemng boiled filtrates of plasma from anemic 
animals or polycythemic patients 

Influence of the Iirlniby ESF and the Hitophiseal Groivth 
Hormone on Erythropoiesis in Perflsed 
Isolated Hind Limbs of Hits 

We ha4e pre\iousl 3 described a technic for perfusion of isolated hind limbs 
that permits the determination of hemopoietic activ ity w ithin the contained bone 
marrow * “ Perfusion of normal rat limbs with blood from normal rats did 

not alter significantly the absolute numbers of marrow nucleated RBC, when 
compared to tho^e m the marrows of the contralateral nonperfu*ed limbs How 
e\er, increases m the absolute numbers of nucleated RBC occurred within the 
limbs perfused with blood from low pressure-exposed, bled, or phenjlh>drazme 
treated rats Significant!} increased numbers of mitotic figures were evident 
among the members of the erj throblast senes, especially in the marrow s of limbs 
perfused with blood from repeatedly bled or pbenylhjdrazmued rats It was con 
eluded from the«e expenments that the ESF present in the blood of animals sub¬ 
jected to vanous forms of hypoxu exerts its stimulator} effects directl} upon the 
blood forming organs 

It was of mterest to detemune whether the urinary £2F was also capable of 
stimulating crythropoiesis m the isolated limb preparation In the first senes of 
expenments, hind limbs of normal adult rats were perfused with oO ml of normal 
rat blood to which was added 1 ml of active unconcentrated unne (TR 1) over 
the four hour penod of perfusion (0 2o ml per hour) The numbers of benzidine- 
positue nucleated RBC per mg of marrow* were estimated m the femoral 
marrow s vnthm the control contralateral limbs at the beginning of the experiment, 
andtheuin the lunbsperfusedforthc standardfourhourpenod Tablooshowsthat 
1 ml quantities of unne exerted no marked influence on the numbers of nucleated 
RBC in the marrows of perfused limbs ^Vheu the amount of urme perfu«ed was 
raised to 4 ml (i ml per hour), however, a mean increase of 84 per cent m nu 
cleated RBC numbers over that of the nonperfused lunba was evident 

In view of the greater «eiisitivnt} of the crythrogemc marrow m h}’poph} «ec 
tomized animals to hormonal 'Stimulation,* a «econd ^enes of expenments was 
conducted in w hich hmd limbs from animals hj poph} ■^ectonuzed two weeks pre 
VTousl} were perfumed for fourhours withapproxunately 50 ml of h}poph}secto 
mizedrat blood, with and without the unnary ESF The two week posth}'poph} 
'^tomy penod was selected because, at this time, the bone marrow exhibits a 
maximal depression of erj thropoic<is Table 5 indicates that perfusion of h}po 
ph} «ectomized rat limbs with blood from hypophysectoraized rats contammg no 
added unne, resulted m no significant change On the other hand, a mean m 
create of approximately 120 per cent m the numbers of nucleated RBC occurred 
m the marrow s of hypoph} «ectoimzed animal limbs perfused with blood from h} 
popb}«ectomi 2 ed donors to which 1 ml of active unne had been added (0 25 ml 
perhour) Addition of 2 0 ml of unneoverthefour hour penod (0 5 ml per hour) 
led to no discernible change in nucleated RBC numbers, probablj because of toxic 



EI^mlK0J01ETlC^»TliIlL.l'^^G HCTOK 




Table o~~EJfecl« oj brine front a Child R tlh Coolty t Immia (Tit 1) and l{ut>opfiyt(ai 
Groicth Hon tone (GII) on J?rytfcropoi«)« tn Per/ isid ItoiaU I Hat I inbi f ig rit 
Ilepresent Tioufand-i oJ Sucltaltd JiCH per n g of Ftnoral Marroto 


InUMl No 

Sbb9UB<« AJdnl 

Umlis Iran uuct T»U !<;{ w ili nurrv i>t 

{.ifBUut’ 

FttluttJI 

B40 

none 

T31 4 

Ool 7 

B4S 

none 

7V» 0 

830 1) 

CIO 

none 

400 5 

4a2 0 

CJ3 

none 

492 1 

W7 1 

C19 

I ml TUI 

C20 8 

(>•>3 4 

CJ4 

1 ml Til 1 

4SJ 9 

.V3V y 

C20 

4 ml Tit 1 

13fi 8 

tj) j 

C2a 

4 ml Tit 1 

304 5 

0i4 2 
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irii 
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C7 

none 

-A 1 

.1 4 
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none 

71 3 

'O 6 

Clb 

1 ml TRl 

Xi 9 

lOoT 

C22 

1 ml TU 1 

C-) ) 

2&1 0 

C33 

I ml TU 1 

104 0 

175 0 

C31 

2 ml Till 

75 0 

;j t 

1175 

3 n>^ Gf{ 

)l>4 9 

J37 2 

CSi 

i mg Gil 

a5 4 

122 I 

CIO 

2m^, GII 

110 2 

Iao 0 

cir 

4 mg Gil 

IW 4 

81 Q 
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peciallj to those of adenohypopbj‘5eal thyroidal or adrenal cortical ongm to 
which the erj'thropo etic process m bypophysectomizcd rats is particularlj re 
«pou3i\ e Some of these may be acting m synergistic combmations Smce the 
growth hormone (GH) has been demonstrated to be a potent stimulator of mar 
row eiythropoie'is m hypophysectomized rats * and since it docs not appear to 
require ail intermediate endocrine organ for some of its actions we ha\e initiated 
experiments dealmg with its effects on eiytfaropoiesis m isolated hmb prepara 
tions \s m the abo\e experiments hind limbs of rats hypophj«ectomized two 
weeks previously were perfused with approximately 50 ml of blood from hj^io 
phy«ectomized donors \ddition of 2 mg GH* at the begmmngof the e\pen 
ment resulted m a mean increase of &4 per cent m the numbers of nucleated RBC 
m the marrows of three hypophj«ectonii 2 cd rat limbs studied after four hours of 
perfusion This effect which was not as marked as the re';pon«e elicited with 1 
ml ofactiveumie was nevertheless, consistently pre eut (table o) Addition of 4 
mg GH to the perfusate led to no change in the numbers of i ucleated RBC in 
the perfiL-cd limb In fact this quantity of GH was decidedly toxic to the mar 
row with unmistakable signs of de truction of many of the marrow cellular ele 
ments obvious at the termination of the perfusion period 

These experiments indicate that the erythropoietic stimulating activ itj of GH 
noted m the hypophysectomized rat is also ev ident m the perfused hmd limb 
preparation and this strengthens the view that the action of GH on crythro 
poieais la a direct one At the same tune the results suggest that caution be taken 
m interpreting ery thropoictic stimulation m hy poph> sectomized rats as due «olely 
to the ESF content of the material being tested For this reason despite its rela 
tive iDsensitmty, the intact amma) marrow appears in the final aualy is more 
de irablo for assay purposes becauseof itsgreaterdegree of specificity to the E&F 

Cheiucal Properties of tub Urinart ESF 

At present opmion is varied concerning the chemical nature of ESF Evadence 
has been adduced that the EbF appearing m the plasma of rabbits made intensely 
anemic with phcnylhydrazme is a mucoprolein or an active groupmg associated 
with it * Some regard it as most likely a polypeptide while others’* 

hold that two factors exist one thermostable and lipid m nature which stimu 
late* marrow ery throid hyperplasia and the second thermolabile presumably a 
piotem \bat awgmeriis bemoiJobnv 

We have previously demonstrated'® ** that the Et>F m urme from children with 
Cooley s anemia can be adsorbed on Laolia m the acid range A pH of 4 8 gi\ es 
‘omewhat better results than the other pH s tested Serial elution earned out 
m the alkalme range with ammonium acetate buffers of increasing pH and with 
I'M NHiOH revealed the greale t activity to be m the pH 8 and I'M NH 4 OH 
eluates Calculations indicated that a 39 per cent yield with a 230-fold punfica 
tion of the urinary factor was obtamed in the IM IvHiOH eluate The purified 
preparationproducedmetachroma^ia with toluidine blue had an absorption peak 

• Dr S L. siteeltnan of the Armour baboratoncs suppi ed the beef growth hormone (Ar 
roour No M lOS) This preparation wben adm nt tered m da Ij 1 mg quantit es to hj-po 
ph} eectomized rats averaging ISO GuLia body »e ght re ultedin body we ght ga ns of 30 =t 
4 Gm over a "-day period 
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at 2S0 m^, migrated \erj '■lottly in the piper electrophoretic sjstcm and ‘•honed 
little displacement of the boundary at 1-45,000 X g for 2 hour* Injections of 500 
ag a day for 5 days of the IM >.H 40 H eluate Mgnificantty stmiulated erjthro 
poiesU) m intact rats Wth a more ‘^nsitiie technic, such as Fc** incorporation 
into tlie circulating RBC of Maned rats, npproMnutely GO to 75 ;ig per day 
ivould be required to chcit a po'sitne response 

Our analysis of the I'M ‘NH^OH eluate of unne from Cooley's subject-^ indicate 
a carbohydrate content of 23 per cent (anthroiie reaction) Van D> kc et al ** 
ha\e stated that residues of ultrafiitercd unne, preparations they ha\e employ e<l, 
contam approximately 50 per cent carbohydrate It is possible that the alkali 
Used for elution m our procedure*® ® has resulted m separation of a considerable 
amount of carbohydrate from the moiety In this connection the electrophoretic 
mobility of our unnary materLil is lower than that of actn e plasma preparations 
which ha\e been reported to migrate as alpha globuhns Afore recently, Rambacli 
et al ** noted a decrease in paper anodic mobility of the plasma ESF with the 
clea\ age of carbohydrate from the material Our punRed urmary preparation 
appears to be material from which considerable electro nogatne carbohydrate 
has been ^paroted Tlie possibility Iberefora exists that the alkali m our kaolin 
procedure serves as an aid m tlie reduction of the moiety to its smallest pO'‘Sible 
eilective sue At the same time we have noted that a turbidity eventually dc> 
\clQp8 after elutmg the factor with IM \H«OH from its adsorbed Mate on kaolin 
This probably represents denaturation and is associated m our experience with 
V anablo degrees of loss of actmty It seems likely that differences in the amount 
and type of earner, characteristics that probably \ ary from prepar ition to prepa 
ration, may account for differences m the extent of (he Jen Uuration process and 
the reduction m activity noted with M>mc unne samples subjected to the kaolin 
adsorption alkah elution procedure 

Although our experiment '=how that not all the carl>ohydnto present m the 
unne 'ipecimcns is essential for activity, they do not completely preclude the pojr 
fiibility tliat some muiinial amount of carbohydrate m the structure is required 
Further experiments, preferably vvith the ncutammid isc of mfluenza v irus ongm, 
would be needed to deternuno the essentiality of a carliohy drate component for 
activity. On the other hand, the importance of polyTXptide groupings is ‘-uji- 
ported by our ffndmgs*'^ tfut erythropoietic stimufatiug activity of urmary Eaf 
is destroyed after mcubatioii with trypMn or cbymotiyp m A an Dy ke tt al ** 
who have ushI the re iduc of uUrafiltcrcU unnt from i patient with apLo-tit 
anemia, observed only partual inactivation of (he unnary LSI with tryp ui 
However, their enzyme sul> trite ratio was lower tlian that employed by us 
Indeed, our enzyme dat i arc in agreement with tho'c reported by olhcns for the 
plasma LSF** ** 

Si/XioLvin 

1 A positive correlation exists between the intciiMty of anemu m Cooley s 
anemia ••ubjects and the presence of LSF m their unne 

2 Injections of cry thropoietic illy active ^-amplcs of uiilrc ited unne from chil 
dren with Cooley’s aticmu induce marked riticulocylo-«w and he«ut<>cnt m 
creases m normal rats A true polyrvthrmia rcsulta, oj evidenced from mta^urt 
ments of the ab-olutc numbers of UBC within the recipient 
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3 The RBC of rats receiv ing unnaiy ESF «:how no increase m the amounts of 
abnormal hemoglobin as demonstrated by alkali dcnaturation and electrophoretic 
procedures O-motic fragility and functional actuity of the RBC also appear 
normal 

4 Erythropoie''is is stimulated m the marrows of isolated hind bmbs of rats 
to which the unnarj ESF has been added Hypophj^ectomized rat hmbs respond 
more sensitively to the unnary ESF than do limbs from intact animals Hypo- 
phjseal growth hormone also increa««s the numbers of nucleated RBC m per¬ 
fused hypophysectomized rat bmb preparations 

5 Recent ev idence pomts to unnary ESF as a mucoprotem oran activ e group¬ 
ing associated with it The question that remains to be answered concerns the es¬ 
sentiality of the carbohjdrate moiety in unnaiy ESF The importance of poly 
peptide groupings is indicated from (he loss of actinty following mcubation with 
proteolytic eniymes 
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Control of Red Cell Formation 


By Leon 0 JicoBSos, E Goldw^sseb 4ND C W Gurnet 

TNATSTIGATIONS in many Iaboratonesiia\e established the \alidity of Car 
not and Defiandre’s* original proposal that crythropoiesia is controlled by a 
humoral mechanism It is the purpose of this communication to gi\ e the results 
of some of our miestigations and those of others that were used to deielop a 
working concept of the control of eiylhropoie'is The deielopment of such a con 
cept at this time m\ oh es considerable ‘^peculation because there are obvnous gaps 
in our knowledge of the basic phj‘tiology of red blood cell formation 

Concept of Erttiiropoietin Prodcction 
Our concept of the djTiaimc equilibrium of the eiythron may be stated m simple 
terms The norm for each organism m terms of its general ]e\el of metabolism is 
probably determined genetically Thus, as de\elopment continues under normal 
conditions, a pattern of metabolic activities is established This la governed 
chiefly by the hj’pophj'-is, but other gland«, such as the tb>Toid, adrenals, and 
gonads, al«o take part The pattern determines the 0: requirement of the bod>, 
which m turn detennines the «ize of the red cell mass that is needed to satisfy 
the Ot requirement as growth proceeds The red cell mas» of the adult is uicrcased 
or reduced by fluctuations m the production of eo thropoietm which occur in re¬ 
sponse to a sensitive regulator that monitors the delicate over all balance between 
tissue O 2 demand and ’nippl> 

To state that under normal conditions the production of eij thropoietm and 
erj tbropoie^is are regulated by (his relationship is «imply another waj of saj mg 
that erythropoietin production l> regulated by the io.pom>c of a site m the body 
that IS sensitive to changes mpOi Thissitemay ormaynotbethelissucororgan 
of production The stimulus for the production of erythropoietm may not di 
rectly mv olv e Oi It may be that some metabolic product, which reflects the O* 
demand supply relationship for the body as a whole, excites production of the 
hormone 

Bomford' has “uggested that the anemia of hypothyroidism may be a reflec 
tion of a reduction in the demand for oxygen HciaamaiiD** reported that the pO; 
might be of more importance than the artcnal Ot saturation m the regulation of 
er>thropoie^-is Our hypothesis is based on a number of studies., some of which 
were remvestigations of known phy-iologic phenomena* « and some of 
which were new approaches to the problem • •• •* ** 

In table 1 are listed home conditions and a nummary of =onie ob«erv ations that 
led ua to contider the ideas de^nbed above 'nie‘o conditiona are but a few of 
many that alter the rate of production of eiythropoietin 
Since the mechani'm of production of erythropoietin appears to be related to 
tij>sue pOj, one would expect that Mrcas situations, which the body regularly 
encounters and which would alter pOj, would alter cry thropoietm formation and 
Fro a the Argoone Cancer Rc-eareh Hospital, and the Departments of Medicine and 
Biochenu.Wr>, Lniversity of Chicago Chicago, El 

This woiV was performed under the av«pices€>f the U S Xtomic Energ> Comminsion 
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Table 1 —lielahonshtp of Oxifgen Suppy and Demand lo Erylhropoitet* 


Condiuoa 

Oi Supply 

Qi DetB*a<l 

Rate cJ 
£j> ibrapcuesia 

1 ty lo 

1 l:.r7ihropcvrt4J, 

Hviwohi sectoan 

Normal 

Decreased 

Reduced 

j Increased 

Hj peroxia 

Increased 

Normal 

Reduced 

j Increased 

Starvation 

Normal 

Decreased 

Reduced 

I Increased 

Polj cjthemia* 

Increased 

Normal 

Reduced 

Increased 

Anemia due lo 




1 

Phlebotomy 

Reduced 

Normal 

Increased ' 

t Decreased 

Phenj Ibj drazme 

Reduced 

Norma) 

Increased I 

1 Decreased 

Hypoxic Hypoxia 

Reduced 

Normal 

Increased I 

t — 

Dimtrophenol 

Normal 

loereosed 

1 Increased * 

Decreased 

Truodothvraniae 

1 Normal 

Increased 

Increased 

Deere a-cd 


• Iniluced by red cell injection 


thus erythropoiesia How e\ er, t lie reflexes iJiat *^1 m icttoii mere ised re-piPitorj 
rate, increased heart rate, etc , as a result of them ‘stimuli might be exjxjctcd to 
partially or largely compensate for the changing pO* Tailurc to compensate 
would result ui increased production of erythropoietin, which would tic sustained 
under certain conditions, o g, m ament to higher altitude, or might cause a tern 
porary spurt of production m an organism in which the compensatory mccha 
nisms were only temporanly madeejuate 
One can imagine many spurts in production in i 'single iLi>, but o% cr a 24 hour 
period or seieral days, these temporary or faU© ’ Marts would not niatcnally 
affect the steady need" aspect of production The need ’ production rcftM 
to that production that is required to keep the red cell ma-s-} from decreasing 
owing to the !oss of ipproximalely 1 per cent jier day. )>> the do illi of rwl cells 
If methods of measurmg the plasma erythropoietin liter were ‘•ulficicnlly mil- 
sitive, one would expect a sharp nmm the plasma tiler of this hormone as the re 
suit of short spurts caused by mloase physical letinty One would iLm expect 
the production of the hormone to be hi^icr during the day, when acliiiK la su,- 
tamed, rather than at night, when bisal conditions pre\ ul Tins mpgiMion i» 
strengthened by the ob en itions of others,’* *« « -nlio found ih it the pi isnu 
iron Was higher at night than during the day Vs sljown in table 2, pLx ma iron 
levels are reduced within four hours m the norm il r it by uute hemoirb ige or Iht 
administration of cobalt ion These d ita suggest that an incrcvcd hormone pn>- 


Table 2 ~Fall m htrum Iron 1 worialrcf It ith SaddtH Slir ii (alien o/ ErylhrOftautu t atu( 
m Comma/'er Cfnl r* \icrage of S Kalt (,300 lo SiO Gm /eiioM/*<r ffroup 


St muliu 

j Tuar 

oio’ 1 

1 *“ 

f .is 

Control (bidine) 

ZaJ I 

1 AI 

1 //) 

I’Llebotomj o( liodj MeiRbl) 


1 Ul : 

1 01 

Cubaltom ion toO ^hl/UiO (,ta ) 

j 

ZZ2 ] 

i .« 
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duction occurs and that its action can be ascertained e\eii before assajable 
plasma levels of the hormone are reached 

We are currently mNcstigating «e\eral aspects of this problem the extent to 
which dilution of the plasma bj extracellular fluid of lo« iron content contnbutes 
to the acute louenng of the plasma iron after phlebotomy, the changes in iron 
bmdiDg capacity accompan} ing changes m plasma iron, the effect of erythro 
poietm on plasma iron, and the effect of abrupt mtense physical actmty on this 
phenomenon One might anticipate that the plasma iron le\el would fall if the 
rate of erythropoje«i3 increased It la qiute possible that with a shght merease in 
the production of erythropoietin, mcrcased erythropoiesis would be evidenced by 
a decrease m plasma iron much before a change in the number of reticulocj'tes 
would be recognized In fact, one might anticipate that the amount of erjihro 
poietm produced upon stress might be so small that in v n o or in vitro utihzation 
of iron w ould increase temporanlj without •'ignificant production of new red cells 
Even with «sensitive methods of assay, no measurable merease in the plasma level 
of erj^hropoietin might be ob ened, bccau*^ of immediate and essentially com 
plete utilization in this early phase of the erytbropoietm response to stimuh 
If the rapid change we ha\e observed lo the pla‘-ma iron, following mtroduction 
of uitcn^o stimuli to erythropoie«is, is a manifestation of a rapid increase m utih 
zation of iron by the marrow, then it must follow that the removal of iron from 
the plasma must exceed, at least for a tune, the rate at which the iron stores 
supply iron to the plasma 

/Vseent m altitude can be ^^unulatcd m a low pre&^urc chamber In an individual 
subjected to this treatment, the compensatory mechanisms normally operating 
are unable to compensate sufficiently, and as a con'^^quence, the lev el of erythro* 
poietm rises and erythropoiesis mcreases The red cell ma’ss ismcrea’^ed '^lowly to 
a V alue that suppbes o\y gen to the tissues at a rate similar to that at the original 
altitude On rapid descent to «ea level, a «liarp decrease m the plasma eiythro 
poietm titer is ob'-ened, and erythropoiesiiidrops essentially to zero The red cell 
m-n.ss attained at high altitude provides a tissue oxygen supply that is m excess 
of the need for oxygen by the tissues at sea level \s the red cell mass falls with 
the natural daily red cell loss, equdibnum with (he new environment is agam at- 
tamed, and erythropoietin production and ery (liropoic'-is are resumed to mamtam 
a red cell ma‘5 consistent with the new ‘-teady state The condition that obtams 
m rapid de'vent from altitude is hkc the one (hat occurs in animals subjected to 
hypophy-^tomyhy pertran fuMOD,**s(arvation,” or admission to a high oxygen 
atmosphere*" (table 1) The etiology producing thc&e v anous conditions is ob- 
viously different, but as illustrated in table J, the ultimate mechamem responsible 
for reducing erythropoiesis m each instance appears to depend on the relation 
«hip of tissue oxygen demand to supply 

\ discussion of the metabolism of eiythropoielin mvohes ‘^•veral important 
considerations namely, what cell or cells constitute the ®ite of action of the hor 
mone, what action does the hormone have on these cells, is the hormone utilized 
completely in (he normal process of <>timulatuig ery-thropoiesis, or does degrada 
tion in the marrow or elsewhere occur in addition to utilization, and, finally, 
what role does unnary excretion play in the economy of this hormone? Vt the 
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prei^ent time, v>e can pre ent only i relatnely few facts m attempting to answer 
these questions 

The first of the c considerations concerning the «ite and mode of action of the 
hormone raLves the question of whether or not more than one erythropoietin 
exists, and if so, do the®e baN e different actions, as suggested by the data of Lm 
man and Bethell ® We are mclined, for the present, to disregard the e data for 
the sake of sunphcity and a‘!4>ume that only one erythropoictm exists m the nor 
mal state Tliere are m pomt of fact, data to •support this latter concept, since, 
m our own expenence and m that of others,** preparations that could not con 
tarn the hpid fraction haxe been *hown to produce a true polycythemia Does 
erythropoictm uutiatc the eiythroblastic process in the reticular cell as well as 
m the undifferentiated blast? Is erythropoictm necessary not only for mitntvon 
of this differentiation m cells but for further differentiation of er> throcytic pre 
cursors? 

In the transfusion mduced polycythemic mouac ery thropoiesis has been re 
duced to zero, as judged by absence of reticulocytes from the penpherd blood 
and the absence of erythrohlast* from the marrow or other hematopoietic ttss.ue 
The introduction mto the polycythemic mouse of exogenous erythropoictm as 
plasma or a purified extract rapidly restores erythropotesis to its normal range 
(fig 1) The new cells appear to be normal To actually study which of the m 
dividual cell types la affected by erythropoietin may require tissue cxilture tech 
aics, with particular attention temg gnen to indn idual type* as well as to their 
maturation stages 

The second important considention concerns the f'lte of eiy thropoietm under 
normal conditioo<> Is it completely utilized in the process of stimulating ciythro 
poiesis, or, m addition, doci» Io«a occur by degradation in the marrow or elsewhere? 

HEMATOCRIT 70 + % 

PLASMA I V 


; i ; t 



Fig 1 —,\s3oy of anemic ptasmA in poijcyllieimc mice- 
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This cannot be ansn ered at present with any degree of certainty because methods 
of assay do not permit quantitative detennination of plasma erythropoietin titer 
in the range of normal or below Degradation by the liver has been suggested by 
Jacobsen et al ** and Prentice and Mirand ® 

We have observed, however, that the rate of disappearance of plasma erythro 
poietin m rats stimulated by hypoxic hypoxia is the same m norma! and m So 
per cent hepatectomized rats This finding would tend to make degradation by 
the liver a minor factor m the disappearance of erj-thropoietin 

We have observed the plasma erythropoietin titer (a) m rats at altitude 
(21,500 ft) before nephrectomy, and the fall m titer after nephrectomy while 
the rats are maintained at altitude, (b) the fall m titer m normal rats upon re 
moval from altitude, (c) the fall ui titer in rats following the peak reached after 
a single mjection of cobalt ion The rate of decline m titer is remarkably similar 
m all these situations These data suggest a plasma erythropoietin half life of 
about 12 hours 

Of considerable interest m this regard are the findings reported previously 
In this study, bilateral nephrectomy was performed on rats at mterv al» after the 
admmistration of coball The rate of disappearance of erythropoietin when the 
kidneys were excised eight hours after cobalt administration was about the same 
as that m animals from which the kidneys had not been removed and m which 
the normal peak titer was reached The rate of disappearance of erydbropoietui 
from the plasma may be a two phase curve, with a rapid initial component and 
a slower second component (fig 2) 

Another group of ob'crvations indirectly concerning the problem of utilization 
of erythropoietin and plasma disappearance rate arises from our experience in the 
bioossay of plasma specimens from different anemic patients whose hemoglobm 
was under 8 0 Gm per cent at the time the plasma was obtained Ftrst not all 
‘anemic plasma” specimens demonstrate elevated erythropoietin titer In some 
instances, the heat denatured extract of anemic plasma did not differ from the 
control, but assay of the whole plasma m the starved rat yaelded evidence of an 
elevated erythropoietin titer It vvould appear that heat denaturation for 10 
mmutes is responsible for ^me destruction However, this destruction is not com 
plete, and, if very high titers of crythropoietm arc present, enough hormone sur 
vives the heat denaturation to give a positive result IVTien testmg an unknown 
plasma for elevated erythropoietm, our data suggest that it is essential to mclude 
at least one group of a‘vsay animals that are given whole plasma Second, even 
when vihole plasma specimens are tested, many fail to demonstrate an increased 
titer of erythropoietin Tlic limitations of the assay method hav e been considered 
elsewhere ** It is probable that many of these negative” plasma «pccimens con 
tarn enough ery thropoietin to sustain a normal or even increased rate of eijthro- 
poiesLS, although the scn«itivaty of the assay procedures employ ed currently is 
such that a slight excess of erythropoietin cannot be demonstrated unless large 
amounts of plasma are obtained and concentrated pnor to assay It is m the 
group of patients who'«e plasma is native on bioassay that we anticipated find 
mg individuals m whom erythropoietin will be of clmical importance Clearly, 
not all patients who-c plasma fails to give a positive result on bioassay can be 
said to be anemic because of a deficiency m erythropoietin Third, ansmg from 
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Fiq i The eSect of plasma obtsmed from rats «ubieeted to DepbiectDm> and cobalt 
stuDulation on tho incorporation of Fe** into (be red Uoocl cells of starved recipients 
Sprague Danlej rats, 350 Cm , ^ere used as donors These ncre injected tntb 75 stM of 
CoCl] at aero time Depbrecton}> performed at intervals indicated by arrows and evsan 
guination at tunes indicated bj points The plasma was ai>sa>ed in starved rats using per 
cent Fe** incorporation Each point represents the average per cent of Fe** incorporalion 
into the red blood cells of five rats The standard deviations arc given (from Jacob on L 
0 etal») 

our cliiucal expenence and related to the problem of utilization is the obsert a* 
tion that patients mtb unusually high titers give evidence of reduced erjUiro 
poietic activity, as measured by the number of reticulocytco and the morpho* 
logic appearance of their marrow Plasmas from patients with aplastic memia 
(7 ca'^s), erj throgene^is imperfecta (3 cases), acute leukemia (4 cases), and 
mjelofibrosw, with little to suggest compensatory mjelotd metaplasia (I cj^e), 
give unusually high assay results, while tbo^e from patients with anemus char¬ 
acterized by hemolytic anemia, penucious anemia, and acute blood los.-> luve 
generally been characterized by less dramatic devationc, and, on some iiistajice'-, 
by no elevation that we could discern This has suggested to us the posMbility 
that ery thropoietm is consumed or m some manner degraded by the rapidly pro¬ 
liferating marrow precursors Stobiman and Brecher*® hav e also considered this 
possibility and presented expenmenfal evidence to substantiate this by pothe-is 
PourtA, IS the clmical observation of a hi^ unoaiy titer of ery tliropoictm found 
m patients \vho=e plasma titer i& high A rapid fall m the plasma and uruie titers 
occurs follow mg transfusion Theunnaiy tiler fills to a lev el below which •vclmty 
can be demonstrated, and constitutes strong support of the concipt of the dy¬ 
namic equilibrium of erythropoicsis operating under the control of erythropoietin 
It also mdicates the delicate reciprocal relationship between erythropoietin pro¬ 
duction and the capacity of the organism to nuintatn iderjuale oxygenation at i 
cellular level 
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Table 3 —Platma and Urinary Erylhropoielin TUer Spectnt£ni from Patient If Uh Aplastic 
Anemia A«sa{r in Started Sot * 




A»a; Snoltt 
(•«) 


Voliune* 


4 ml 
2 ml 
1 ml 
0 5ml 
0 


36 0 
31 0 
2» 6 
17 8 
4 5 


20 ml 
10 ml 
5 ml 
2 5 ml 
0 




37 0 
33 3 
2o 7 
lo 2 
3 7 


* All specimens concentrated or diluted to volume of 4 ml given ns 2 daily injection^ of 
2 ml each 

t Incorporation of a tracer dose of Fe‘» into peripheral red cells 


FinaJJj the •'JgnificflHce of unnai 3 excretion of the hormone m its o\eraU 
economy must bo considered The fact that unnary excretion occurs in animals 
after phen>lh>drazine stimulation^' and is found m the unne of patients iiith 
certain disea"^ states,'^ ” ** influences our thinking of the fate of the hormone 
under normal conditions Prereoce of the hormone in the unne of normal mdi 
viduals has not been reported, but this does not mean that it is not prerent in 
small quantity This matter «hould be explored thoroughl>, «ince these studies 
might re\eal whether erythropoietin is a threshold substance nhich it appears 
to be 

Hcceiitlj uc have demonstrated conclusively m one patient a fivefold relation 
«>bip between unnaiy and plasma activity (table 3) On several occasions we have 
ob‘-en ed a decrease in the plasma and unnaiy er> thropoietm titer of on anemic 
patient following transfusion This observation has also been reported by Medici 
et 'll 


Site of EKiTiinoPoiETiN Pnontcriov 

Shortly after their original descnption of the hormone Carnot and Deflandre* 
published a report claiming that the site of formation of the honnone was in the 
marrow «mce they could demonstrate erythropoietic activity in aqueous extracts 
of femoral marrow According to them, there extracts were as active as rerum 
from anemic animals They alre found appreciable but inconstant activity in ex 
tracts of bmn 

That a normal bone marrow or rather a normally proliferating blood forming 
tissue, IS not necessary for erythropoietin production has been shown by the find 
mgs of Stohlman and co-workers ** Er»Iev and Lavnetes,^ and Linman and Beth 
ell ” X irradiation and the nitn^en mustards which reduce the marrow and 
lymphatic tissue to a reticulum stroma, as judged by histologic studies do not 
impair the capacity of animals to rc^nd to anemic stimuli by increasing the cir 
culatmg level of erythropoietin It la possible that an endocrine function, or the 
formation of reme substance by reticulum cells of the marrow, may still function 
without impairment at a time when the blood forming tissue appe'irs to be mac 
tive with respect to hematopoiesis Tbe early obrervation made by Carnot and 
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Deflandre ■was not confirmed by Gordon, Pihero, and Tannenbaum,” who found 
no activity m heated extracts of marrow 

The possibility that the pituitary be involved m the farmatioii of eryth- 
ropoietm,* was made unlikely by ob‘«rvation that hypoph>sectomized rat« would 
respond to bleeding by a reticulocytosis? and by an increased titer of erythro¬ 
poietin * * 

Gordon and his associates^* concluded that neither liver, spleen, tbyniu*, lung, 
brain, skeletal muscle, marrow, nor red cells was the source of erythropoietui, 
^ince heated extracts of these tissues denied from aijenuc animals were dei oid 
of actinty Alternative conclusioos proposed were that there was no significant 
storage m the organ of formation, or that the hormone was produced as an inac¬ 
tive precursor that was activated in the circulatory system 

Jacobson et al by extirpating o^us before studying the rc‘>ponse to stimuli 
«uch as cobalt or phlebotomy, found that removal of spleen, stomach, inte&tmes, 
gonads, adrenals, thymus, pancreas, or 90 per cent of the Uv er caused no appreci¬ 
able inhibition of response, while removal of the kidneys completely abolished it 
(table -1) 

In an attempt to control the effect of the uremia resultmg from bihteral ne¬ 
phrectomy, the respoQ'-e of rats whose ureters were ligated was studied ^\TijIb the 
resulting uremias, as measured by blood urea nitrogen, were similar in both the 
ureter-ligated and the bibterally-nepbrectoimzed animals, the lormer did not lose 
their capacity to respond to cobalt or phlebotomy, while the animals without 
kidneys had completely lost such responsiveness 'ttTieu the time between ureter 
ligation and stimulus is prolonged, there does appear to be a dimmi'hed re«pon- 
siveiiess w We feel, however, that this impairment may be due to damage to the 
kidneys caused by mechauical trauma Atautop-^, the kiduejsfrom rata whoso 
ureters were ligated were about twice the normal sue Tlic surfaces were pale, 


Table 4 —The Effect of Plasma Oblained Prom Hals Subjected (o Organ Ezciston and Cq** 
SlimulaUon Upon the IneorporaCton of Pe** Into the Red Blood Cells of Stoned Retiptenls 


Orgjo Reraoveil From Donor Piior to Co** lofettwa* 

StUBuItU 

Auay ol nemor ru.usa 
,Q iuarved RaW l;>U)S 
% Ft** liwMporauoo 
Xt»pon»«tJ RtrjpirBt 
to Flauu FitpuMUoo 

None 

None 

3 r (0 

None 

Cobalt (2o0 luM/Kg) 

H 4 (I 5) 

Adrenals and gonads 

Cobalt 

15 1 (0 0) 

Wfo of the liver 

Cobalt 

12 4 (0 4) 

Stomach, intesUnes, spleen, pancreas 

Cobalt 

U 7 <1 2) 

ludac} s 

Cobalt 

4 5 (0 7) 

None 

None 

4 S !0 0) 

None 

Cobalt 

!6 5t 

Thj mua 

Cobalt 

10 3 <1 0) 


• ImmeJiateb following the surgical procedure, Ike rata (Spniguc Dawlci, 3o0 Gm ) 
■were injected subcutaneoutlj with cobAltouscblonde, aod 12 hours iaier ike Wood waa ctJ 
leclcil via cardiac puncture PJasma tbua obtained naa jA^aved m the “tarved rats In 
standard procedures 
t Staodard error 
t Three rats 
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and after cutting the kidney perpendicularly to tlie antenor posterior axis, the 
cut ‘^•urfaces \\ere ob'^rved to be blanched, especially in the cortical region 

A-dditional evidence that the kidney is involved intimately in erythropoietin 
formation can be “een m figure 2 This experiment shows the results of nephrec 
tomy at mtervals after cobalt adnunistration If the kidne 3 s are removed before 
there has been an appreciable nse m plasma erythropoietm titer (-1 hr ), no subse¬ 
quent rise occurs This is also true when the kidnejs are removed after the titer 
has risen, but before it has reached its maximum value (8 hr) 

The rate of disappearance of plasma eryihropoietm, when the I«idne 3 -s are e\ 
cised eight hours after cobalt administration, is about the same as in animals in 
which the kidne 3 s are not remov cd and the normal peak titer is reached The ob 
nervation that the rates of loss of erythropoietin titer in these two cases are 'imi 
lar would indicate that no toxic reaction is caused b 3 the absence of kidne 3 's which 
might be re‘-pon&ible for the halt m erythropoietin reproduction 

Objections to the conclusion that the kidnc 3 S are mvolved m ervthropoiesis 
hav e been published Erslev * reported data suggesting that it was the uremic 
•state that was responsible for the lack of response of nephrectomized anunals 
since bilaterall 3 nephrectomized and ureter ligated rabbits used m bi> rtudy did 
not show an mcrcose m er 3 thropoietm titer after the 3 had been bled On the 
other hand, Mirand and Prentice*‘ reported elevated eiythiopoietin levels m 
pla«ma of bilaterally nephrectomized, as well as ureter bgated, rats subjected to 
hypoxic h 3 poxu These latter authors suggested that there were two diiTercnt 
eiytl>>^POietms formed m re'^ponse to different stunub Our own findmgs from 
studies of ammals subjected to h 3 ’poxic h 3 'poxia’* fully confirmed our earlier ob 
servationa that ureter hgated ammaL retained the capacit 3 to respond to bleed 
ing or cobalt b 3 the production of an increased plasma erythropoietin titer about 
as well as uiiopented controls, whereas aiiimab that were bilaterall) nephrecto 
mized did not 

In addition to a«ea 3 ing pla'^raa samples b 3 the technic of Fe** incorporation 
wc used the reticuloc 3 tie response in pobcythcmic mice** as a means of assay 
and obtained quite •■imilar results i e , plasma from normal and ureter hgated 
ammals after stimulation (anemic anoxia and h 3 qx>xic anoxia) had high titers, 
pla«ma from normal unstimulatcd animals had none, and plasma from nephrecto 
mued animals •■ubjected to the^ stimuli had onl 3 a questionable titer (table o) 
The finding of an 3 reticuIoc3'1es at all m the last group suggests that there ma 5 
possibl 3 be an extrarcnal source of the hormone There is about a tenfold 
difference in the reticuloc 3 'te response of thosi mice given plasma from normal 
stimulated ammals and of those given plasma from nephrectomized stimulated 
ammals If we can consider these re«ponscs to be related quantiUtiv el 3 to the 
amount of erythropoietm in the plasma samples, we might conclude that an 3 ex 
trarenal source of er 3 ihropoictin, if one exists, is a relativel 3 minor one This ob 
■nervation cannot explain the findmgs of Mirand and Prentice,*' since they re 
ported that bilateraU 3 nephrectomized rats subjected to h 3 'poxic anaxia attained 
eiy tbropoietm titers erjual to those of normal ammals subjected to h 3 poxic 
anoxu 

One obvious desideratum would be the demonstration of erythropoietin m 
kidne 3 extracts We have recently been able to •■how activity in kidney prepara 
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Table 5 —Effect of Plasma From \0TmaJ Unoperated Scphreclonmel and Ureter Ltgatcd 
Eats Exposed to a Simulated llitfudeof£l SOOFeetforS IS or £i Eo trs on (he Peticulocjte 
Response of Vice IJ tih a Transfusioti Induced Pt^ycglhe nia as Compared 
n tlh Ptasna From Normal anti SlarieJ Rats 
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tions, tthicb: could not hutc been due to the pre'^eoce of plasma m the kidney 
Such experiments, how et er, ha\ e not been uniformly ‘successful, and much more 
dcHmtiac evidence is rcquu'ed before the kidney can be accepted uncqunociU^ 
os the mom or sole «]tc of production 

^Vhile the resolution of dilTcrcnces in both rc‘!ults and inicrpretatiun» from the 
\ anous laboratories aw aits further, more dccL.i\ e cxpcnmcntation sime indirect 
evidence concerning the role of the kidney m the elaboration of er>ihropoielm 
is worthy of attention ^vaets* ” has shown that ncphrectonmed dogs kept 
ahve by peritoneal du^-is hid a severely «uppfc&»ed rate of erjthropotc'w, 
while ureter ligated dogs underwent onli a nmumal depression m thw regard 
Guniey and Pan” demonstrated that seven out of «eveii anemic piticnUs wilb 
uremia did not have elevated erjthropoietm titers, even though the> were is 
anemic as other patients who did have jncrcajed amounts of crj thropoietm m 
their pU^ma, ami Mmilar rc>^ult3 were recently reported m 15 of lb ui'^taiiccs 
where plasma from anemic urcmic patients was as.<ivcd “ 

Very recently, 0 nes** has published •oimedatanidic.aluigtlut mmicc, \ irnidi 
itionof tho kidntj s with largedo^ can c vu-^; a Mivtre uremu along w ith uicmu 
In point of fact, the anemia is app.irciit before the uremia Ix-conKN m;v ere If p irt 
of the kidney is «luclded from v irradiation, uremia '•till n.'ult» but uiemudocs 
not appear 
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In collaboration with W t WTiitc of fhe Uescareh Division Vmiour and 
Conipanj, we have'•ucceeded m the preparation of i non anaplolictic, bio! gi 
callj active ‘Jiecp crj thropoietm TTic method of preparation involves thn?c -uc 
ccssive lon-exchange step-. U'lng DC.11^ ccllulo'^ and \I^&7 rc'in Hit product, 
when vssj^ed in st irved rats bv the iron uieorponition mothixl, conUim-v to 
50arbitrar> unitsptrmg vifproUm, iscontristedwilliOOQ7uuit'»ptrmg pro¬ 
tein m the ongui d anemic --beep pListna Hie active friction l-* homot,ciieoui bj 
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ultracentnfugal analjsis at 3 pH \alues, by moving boundary electrophoresis at 
3 pH values, and by chromatography on DEiVE ceUulobe It has the properties 
of an ai glycoprotein and a molecular weight of about 40 000 by light scattenng 
It was found to contain 83 per cent protem, 6 5 per cent carbohj drate, and 16 per 
cent sialic acid In "piteof its apparent homogeneity, we have been able tofrac 
tionate it further into a fraction containmg most of the ai glycoprotein and none 
of the actmty, and one containing veiy little protem and most of the actmty 
This last fraction has an activity of about 150 umts per mg protem, and contams 
o5 per cent protein, 11 per cent carbohydrate, and G per cent sialic acid have 
not yet accumulated enough to study its physical properties and homogeneity 
It IS clear that extreme caution mu«t be exercised m the mterpretation of the 
properties of such fractions with regard to ab‘«olute punty 

Summary 

Some of the factors that control eryihropoiesis through the control of the pro 
duction of erythropoietm have been studied A hypothesis that the steady state 
of red cell formation is controlled by the relationship of the tissue demand for 
oxygen to the supply of oxygen available, rather than by cither factor alone, has 
been predated with cxpenmental data to substantiate it 

High titers of erythropoietin found m pbsma and unne of «ev erely anemic pa 
tients whose marrow shows reduced erythropoietic activity suggests that erythro 
poietm may be consumed or degraded by actively proliferating erythrocytic ele 
ments 

The <>ite of erythropoietin production has been studied by stunulatmg animals 
with either cobalt, hemorrhage, or hyiioxia after extirpation of various organ® 
The only organs who®e removal aboh<bed the re«pon‘-e to the'-e stimuli were the 
kidneys Animals with uremia comparable to that of nephrectomued animals 
w ere prepared by bilateral ureter ligation and found to respond to the abov e ®tim 
uh about as w ell as normal animals, indicating that it is not the uremia itself that 
interferes with erythropoietm formation The di'appearance of erythropoietin 
from the circulation of nephrectomizcd animals follows the same time course as 
that ®cen m normal animals The data suggest very strongly that the kidney is 
the '‘ite of ery thropoietm formation or at least is v ery greatly inv oh ed m its pro¬ 
duction 

The Isolation of erythropoietm from anemic sheep plasma has progressed far 
enough to yield a product suitable for clinical testing The purified matenal is 
non antigenic for guinea pigs and is homogeneous by electrophoresis column 
chromatography, and ultracentnfugal onaly sis ttTiiIe the data are msufficient 
for a definitiv e «tateraent about the absolute punty of this preparation we sug 
ge«t that it IS not m a final state of purification 
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On me Mucoprolein Erythiopoielic Factoi 

By Hbmk\ Borsoob 

^HIS DISCUSSION voU be himted to the erythropoietic substance that ap- 
pears to be a mucoprotem Lininan and Bethell have reported extracting a 
nonprotein erythropoietic factor from the blood of anemic rabbits The muco- 
protein factor has been found m the blood of rabbits' * and dogs* made ‘•e- 
V erely anemic vnth phenylhydrazme, m the imne of human patients vnth Cooley's 
anenua* and aplastic anemia,* and m the goat after severe and prolonged bleed 
mg * Dr Keighley's hndmgs m our laboratory uidicate that to obtain a potent 
plasma the ancnua must be '<i severe as to render the animal nearly moribund, 
the blood drawn as soon as possible after the animal s temperature has dropped 
sharply In Gordon’s cases of Cooley’s anemia, the ery thropoietic potency of the 
urine naa ^«ater the more severe the anemia In Van Dyke’s case of aplastic 
anemia,* whose unne was highly erythropoietic, the anemia was severe 
Erythropoietic potency (of the mucoprotem factor) is assayed currently by 
three different methods reticulocyto'^is m mice, mcrca«ed uptake of Fc** in rats, 
and polycythemia m adult rats at normal altitude In the fir^t tno tests the ma¬ 
terial IS mjected subcutaneously once daily for three day s, and the te«it animal 
IS examined the next day In the polycythemia test the material is injected sub¬ 
cutaneously daily for two nceks, usually the response is only slight after the first 
week 

The plasma of a rabbit made «evcrely anemic with pbenylliydrazine gives a 
po**itive response m the two ^ort periods (three-day tests), but lastcad of i 
polycythemia, it causes a drop m hemoglobin and red cell count in the longer (two 
weeks) test On the other hand, after the plasma has been boiled for a few min¬ 
utes at pH 3 3, the filtrate (ph'^ma filtrate) give» positive re'^ponses by all three 
tests 

Keighley lias found that the anemic rabbit plasma is autigcmc m the rat, and 
hence prov okes the formation of antibodies whereas the plasma filtrate although 
It contains a number of proteins, is not antigenic* Antigenicity of the protcuis 
appeam to be a}^soclated with a hemofytic effect m the two week test UTietficr 
the boiling abolished their antigenicity or whether the proteuis that remain in 
solution after boiling are not antigenic even before boding has not been deter¬ 
mined When a dialyzed (salt free) fraction of the pluma contauimg the ictne 
erythropoietic protem (supernatant of half saturated ammonium --ulfatc) w 
boiled, little or no activity was found in the Gltritc Dndently, salt is re<imrixl 
for retention of the actmty in solution after boding 
The erythropoietic protein is not speacs 'peciGc \ctiv c rabbit plasm i fiUritc 
gave positive responses m the mouse and the nt, and that from the dog gave a 
positive response m the rat. The active maternd from human urine (Cooley's 

From tlie Division of Biologv, Catifornia Institute of TechnoJogj, Pasatlcni Calif 
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Health Service, N 162t. National Science Foundatuni, NSF G 2&S3, and VmenraD Cancer 
Society, P 6 
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anemia) \\ as active m the rat and from a ca"® of aplastic anemia w as found to be 
acti\e m the rat and monkey 

Van Dyke states that the mucoprotem from the unne of hia apla«tic anemia 
case which la highly acti\e erythropoietically m the rat and monke> when in 
jected into gumea pigs stimulates granulocyte production and has no erjthro 
poietic action The'o observations were made by Yoffey Keighlej has confirmed 
these observations with active material obtamed from rabbit anemic plasma 
filtrate It is possible that the proteins of rabbit plasma filtrate and of human 
unne are antigenic m the gumea pig 

Lowy m our laboratory has been engaged m the purification of the active ma 
tenal Fractional alcohol precipitation dialysis followed bj chromatography on 
cellulose amon and cation exchange columns has > leldcd material that meets the 
entena for a pure protein with respect to the shape of the eluted bands m col 
umn chromatography m the ultraeentn/uge and by electrophoresis It is a muco 
protein 1 e it contams sialic acid and carbohy drates It is stable to boiling at 
pH 5 5m isotonic saline and is not dialy zable A tentativ e estimate of its molccu 
lar weight is 29 000 V e have reason to think that ery thropoietic protein of ap 
proximately this degree of punty has been obtained m other laboratones (Jacob 
son Ilambach) 

Yet one cannot without reservations at present accept this material os pure 
because a fraction with somewhat similar properties is obtained from normal rab 
bit unne which gives no erythropoietic re ponse at a dose (m terms of prote n) 
30 times that of the fraction from anemic plasma which gave a moMmal re. ponse 
There are tw o possibilities that the acliv e matenal is only a «mall fraction of the 
apparently pure protein obtained from anemic pla ma filtrate and that it is «o 
«imilar chemically to the inactive protein which constitutes the bulk of this frac 
tion that the te«ts so far employed do not detect the presence of more than one 
protem m this fraction The other alternative po&,jbihty is that the active frac 
tion obtained from anemic plasma filtrate is the major (if not the sile) component 
of that fraction and that the inactive matenal obtamed from normal plasma fil 
trate will be found to be different Chromatographically the pla'^ma filtrates of 
anemic and normal plasma are different the peak corresponding to the active 
matenal is relatively much h ^er in the anemic than m the normal and an ad 
joining inactive peak emerging caiiieron elution with NaCl froma DEAE column 
IS relatively high m inactive plasma filtrate and almost absent from anemic 
plasma Of course there must be chemical and physical differences between the 
active and inactive proteins Wc are now trying to identify “such differences 
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Piscc&siQS nc 1 —Depletion of dog bone ovrotr erjlbrobl^te n/ter bilnteral ne 
pbreeiomy 


four erj-throblaste per 1000 nucleated «1U 
Alter four dn>d only im occasional crjihio- 
bbstisoeen \ftCTthofi/tbdi» ootasiogle 
crythroblast was seeo m 12 dogs The urea 
lewis are gi\en in the top of the chart The 
urea reached a lei el of about 3 Gm /U 
Three days after Dcphrcetomi the dog» 
were injected with Fe*’, and the iron turn 
oxer and uptake measured The TJj for 
plasma Fe** clearance of the normal group 
averaged 93 minutes, and m the nephrec 
toini^ed ones 300 minutes Tlie uptake of 
Fc‘* m the red cells is i ery low in the ne- 
phrectomued dogs, aieragmg five per cent 
in contrast to 70 per cent ol the injected 
do-^ m the control dogs (Di^cuaeioo fig 2) 
The total iron tumov er in the nephrectom 
ued group was 0 25 mg /Ivg /dav, and m 
the normal, 0 02 (Discussion fig 3) 4 •uif>- 
“tantial amount of the Fe‘* went to the 
liver m the ncphrectomueii dc^, m contrast 
to the normal, where it went maudy to 
erythrocytes 

Po^ with bibteral hgation of the urctw 
were almo-t completely normal despite 
the degree of urea retention and the 


same degree ol stanalion (a dog after 
ureter bgation or Qephrcctomj, doe^ t 
eat) The di?pccjtu*n ol Fe‘* in normal 
nephrcctomiz^ and bdatcnil ureteral hga 
tioa IS shown in Discussion figure 4 Tlie 
Fe‘* uptake mto the red cells m nephrec 
tomued and Lgated ureter dogs is com 
pared m Discussion figure o 

Finally, xve injected a very active co'th 
ropoietie extract (kindly supplied by Dr 
tan Dyke from the unne of a patient with 
aplastic anemia) into ncphrcctomized dogs 
and we obtained the erythropoietic re 
sponse shown m Discussion figure 6 Tlie 
d<^ was injected on each of two davs with 
150 mg of extract Tliere was an acute 
reticulocyte re«pOQ£0 m the normal <fog 
The same dog when xnjcctsaf with this 
factor alter a biiaterii nephrectomv had a 
substantial increase m ervthroblasts at a 
tune when usually none are wn in the 
Dephrcctomjicd aoun^ 

Thus it Is cv Klent that the toxic products 
la the htocid of uremic amin^ds docs not 
impair production of red cells From this 
experience we conclude (1) that bilateral 
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DitCLiiMOV no 2 —Iron** uplakc into re<i oelld in nomai Joga and after bilateral oe« 
phreclomj (From Naeta, J I‘ ‘) 


mg 



Dibcceexov no 3—Iron turnover (mg/ 
Kg /day) in normal and bilateral nepbrec 
tonuzcd doga 


nephrectomj in the dog reduces erj'thni- 
poicsis, and (2) that the retention ot tom 
products ja tlie dog after bilateral urcteral 
Ugaiion doesn t impair the niarrov *, at least 
for a period of eight or ten dajs Perhaps 
the erj thropoietic factor la maile m the 
hidnejs, and acts bj inducing differentia 
tion of undifferentiated (btcm) cells to 
erj-throblasts This is support^ bj the 
obson atioo that erj throblasts are no longer 
seen in the marrovv of dogs luthout h«I 



oNorenoi (J9qs72 hr offer Fe®^ mjeefon 
• Ureter fiqoted dogs T2hr offer Fe®*«ijecfon 
ANephrectomired dogs, maumol upfoke 
—W«co 


Discc8no> nc 4—Iron** uptake into 
red cells and iron** storage in the liver in 
normal, nephreetoouEed, and bil&ter&l 
ureter ligated dog (per cent of iron** m 
jee(ed) (From Naets, J P') 


ncys, but do appear after injection of 
«^t^poiet{C factor 

A E Enst^v Our expcncacc with the 
bioassas oi ''crum from nephiYctonnswl 
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Discussion no 5 —Iroa" uptake into red cells >a the dog alter b lateral nephrectomy 
and after bilateral ureter ligat on (From Naets J P •) 



Discussion no 6 —Effect of human unnary eo'tbropoietic factor on reticuloc> tes and 
I one marrocr erj throbloste in a dog before and after b lateral nephrcctom} 

and normal -tnimals along with the du»- uhea a large tonccntration of erjll ro- 
crepancy nbich exists between the work poictic factor is present but thej cannot 
earned out by Mirand and Prentic^ and be used to demonstrate small amounts 
by Jacobson and CO workers* ha\e taught Consequentlj we decided to evaluate red 
us that the technics currently used m cdl production rather than production of 
mcasunng crj-thropoietic factor are exceed erj-thropoicf ic factor m the nephrectomized 
ingl> crude The technics are reliable onlv animal itself Our results m rabbits are 
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coropictci) different from the observatjoa- 
m dogS) D^c b\ Dr Naets Red cell pro¬ 
duction rras sci erelj «uppres»eti m ne- 
plircctoxoited uremic rsbbit*^ but sjme de 
gree of er>-thropoietic actuitj v,as present 
up to ume dajs after ncphrectoruj 
I bare great trouble m bebeiiTCg that 
uremic ureter hgated animals can boba\e 
like normal ammals and ha\ e a normal rate 
of red cell production and a normal bone 
mamnr We knon that red cell production 
15 exceedingly sensitive to small mfectioos 
inflamma tions or an^ condition which 
changes the metabohe set-up Is there 
anj'thing as powerful as urtoarj reteation 
eien wbea produced bj bilateral ureter 
ligation m changing the metabolic enxiron 
ment? Our data indicate that the red cell 
production and the response to an anoQc 
stimulus k> suppressed nght after the onset 
of uremia whether it is mduced by nephrcc 
tomi or b> ureter ligation 

E \ Miba-vd W e “nipport in part Dr 
Jacobson s concept that the kidney is the 
site of production of erythropoietin. EIx 
tensive expenments using oephrcctoauzed 
normal and bypophy «ect«mi 2 ed rats dem 
onbtratetbe capacity of the nephrcctomizcd 
animal to produce erythropoietin m re¬ 
sponse to hypovio aoocia but not m re 
«ponse to bleeding or cobalt admioistra 
lion* * There have been a few instances 
when young nephrectomized normal or 
hypoph)«ectOBuzcd rats did lo-e the 
capacity to respond to liypoxic anoxia, 
btudiea are m progress to explam this 
pbenomcooD Recently Dr Pdicro and his 
assoeiatea* liave coafirmed the capacity of 
nephrectomued rats to respond to hypoxic 
anoxia with an increased production of 
erythropoietin The«e findings do not lend 
•support to the kidney being the sole site 
of production of erythropoietin Whether 
erythropoietin is produced m re«ponse to 
hypoxic anoxia is still unknown 

J P Naets I waa unable to find ervth 
ropoictm m the plasma of one dog without 
a kidnej despite the fact that the hemato- 
ent was Ica3 than lo per cent 

I dont agree with the remarks about 
chnicol uremia I have been impressed by 
the fact that some anunc patients with 
severe uremia had very few crylhroblasts 
in the marrow It is known tliat patients 
witli chronic axolcmia for six months or 
more do not liave such marked changes m 
the marrow ^omc anunc patients sbowedl 


a substantial decrease m Fe*» uptake and 
in this respect the«e iiatients are ju^t like 
oephrectomized dogs * 1 have never 
this ur chroiuc uremic patients, fcoinetmies 
uremic patients liav e a v ery normal uptake 
of Fe** ‘sometimes lower, but they nev'cr 
reach the low level of anunc patients 

F U Gaiuiseii Is it my understanding 
Dr \aeta that some of the uremic pa 
tteots do have a normal uptake^ 

J P \aets ^es 

F H, Gasdneb I think Dr Er-lev 
knows of one patient studied laat year who 
had a bilateral nephrectomy and before 
recemng extensive whole bodv radiation 
had an iron uptake for four days of 30 
pet cent Thus we would hav e to assume 
that the human had the abihty to go ahead 
and mcorjxjrate iron into bcmoglobm to 
that extent 

M.Bt:v>sib Dr Rjcbet and coIlaboratorv>* 
u 10a4 studied 21 patients with acute renal 
failure treated by dialysis on the artificial 
kidney They observed the total dnnppeac 
ance of erythroblasts in bone marrow »tart- 
mg about the fifth day The same thing 
was not observed id dironic ucphntis. This 
phenomenon ob-erved in humans confirms 
a relationship between the ktdnejs and 
hematopoiesis 

J M ‘ioFTEV Uo have accumulated a 
tremendoux mass of quantitive data on the 
gumeu p g It IS 3 miserable ammaJ m 
many ways It has no tad and it ha» no 
decent veins for intravenous mjection Dr 
tan Dyke gave us a concentrate of lus 
active eiythrepoietui from urme which m 
rats has produced poly cythemia and reticu 
locy'losis. Drs D G 0*mond and P J 
Roy lance gave it to gumes pgs In the 
manow we observed not erylhropoiclic, 
but granulopoietic stimulation. Dr tan 
Dyke then found tliat by lus Fc*’ method 
this active concentrato did not <how any 
eiythropoioUc activity in the pumca pxg 
Wlien we tned Uie concentrate in rata wt 
too got polycylhemu We dont quite 
koonr whether one and the ‘omc sits'tance 
can produce marked granuioixiicUc stunu 
latioa in one anim^, and in another, 
erytluopoietii, timulation or whctiicr 
there Is sonic other factor operative 

II Bo&soox Tlie malenol which Dr 
\bd Dykcnaskuol enough to‘‘cod U5 from 
unue u] pears tu be different It u far less 
boluldc than tl e matenal vre obtain from 
blood 1 am not sure yet wficlIicrU e differ 
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ence represents an impurity The acttie 
material maj be the same 

D C ViN Dyke Dr Gordon has pre¬ 
sented endence that red cells produced 
under the influence of erjlhropoietin can 
not be dutmguished from normal red cells 
b> the entena he used I uould like to 
mention one observation that suggests that 
the red cells produced under the stimula¬ 
tion of erj'thropoietin maj have a «hort- 
ened life «pan An adult male Java iDi>nke> 
was giv en 75 mg of human urmarj coTh 
ropoictin daily for 16 davs On the tenth 
day the circulating red cell mass had in 
creased by 30 per cent, and tuo days after 
the last injection by 61 per cent The circu 
lating red cell ma«a h^ returned to the 
pretreatment level 19 days after the last 
injection It has been «hown that folloning 
acute bleeding there is a rapid n^e and fall 
in the glycine 2-0* specific activity curve 
which Berlin ct al interpret os indicating 
the production of a short hv ed erythrocyte ^ 
^^e put the same monkev m an altitude 
chamber at a simulated altitude of IS 000 
feet for 16 days Two necks later the total 
circulatmg r^ cell volume was found to 
beicicreo^by 97 per cent Nmctecbdays 
after removal from the altitude chamber, 
the circulatmg red cell volume nas found 
to have been mamtainod at 95 per cent 
above the pretreatment level 

\ ErsLEV Did the hemoglobin and red 
counts mcreasc by GO per cent’ 


D C Van Dyke After treatment with 
eiythropoietm, when the red cell volume 
bad increased by 61 per cent, the hemato- 
ent mcrcascd from 36 to 45 and the hemo- 
globm from 9 to 12 Gm per cent \fter 
evposuFC to hyTwxia, when the red cell 
volume bad increased by 97 per cent, the 
hematocrit mcreased from 33 S to 52 9 
and the hemoglobm from lO 0 to 13 6 Gm 
per cent 
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Section VI. Mathematical Considerations 

J. Coriiiielc], Chairman 


lutroductiou 

By Jerome Cou-vnELO 

TI/TY rUJ\CTIO\ IS to ‘ot the ground for the tno mam papers of the after 
noou I think I can perhaps best do this b> considenng a h>'pothcticai IQtli 
century hematologist who has "Somehow been transported through time to tins 
coofereuce He finds the new labeUug techiucs and the results obt-iiued wth 
them of great mterc't I think he might be a little puzzled howe\pr b>theprc» 
ent session and might uonder hou hematologj had gotten muxed up inlh tnalli 
ematics There are % number of answers that might be gixen but I «haU confine 
mjself to one, namely, that m many situations it is not povible to interpret ob 
^rvations until one has wntteu down m a certain amount of detail exactly uhat 
one thinks has happened to produce them I <baU illustrate this b> cousidcnng 
tho estimation of the av erage length of sojourn of label in the circulwion 
“Much of the data presented at the conference ‘^eem to take the follow mg form 
If we consider the total amount of label appeanogin the circulation (it is 'umpler 
to talk about total amount of label than about number of labeled ctll ) wo ><00 
it enter, startmg at zero le\el and mcrea^o to a peak ami thou return to the 
initial level Such a cune leads the malhematician to conclude that two tlungs 
are going on "unultaneously Label enters and label leaies both of these things 
are going on at the same time and what one sees is the resultant We wash to 
estimate the average sojourn of a labeled cell m the circulation from ubscrva 
tions of this type, but before we can do so we must «pecify m just a little bit 
more detail what is happeiung 

We can start by assuming tliat the label is picked up «ome place by newl> 
formed cellular elements and that the procc&a of uptake la confined to a 1 cry 
short period of time We can imagine looking at any one cell w Inch h is juat taken 
up label and determining the interval that elapses betneea the time of uptake 
and the time at which it appeared in the peripheral circulation W'e denote the 
length of this interval hy i t will vary from ccU to cell, but wc can imagine a 
frctiuency distribution which showi tlic distribution of label by time elaj) mg 
lietwcen its uptake and appearance m the pcnpheral circulation 
We denote the vraount of label oppeanng lu the iufimtc«imal intcrx il f to f + 
dC hy fi(_t)dl If we denote the intcnal clapping until the appearance of the last 
atom o f label to appear m the circulation by /i and the iiera gc length of the 

From the Department of liioslntistics TIms Johns Hophins ITmver^itj School of llj Riei o 
ami Public Health Baltimore Md 
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intenal elap lug betv,eeii uptake and appearance by ft then 

(1) C / C * 


^\e can imagine another set of ob‘er\atioiis on each cell, namely, the mtenal 
elapsing between uptake of label and the disappearance of the label from the 
circulation Denote this mtenal b> /«, an upper limit to it by L*, the amount 
lost m the intenal Mo t + dt bj the average length of the interval 

elapsing between uptake and disappearance by /* Then 

(2) “ i*' 


The quantity of mtereot, the average sojourn, is then simply U — U But we 
have no direct ob'ervations on t* — It we have are ob‘=enations on amount 
v>f label pTesfcwt, at any l\me Tbva vs easily seen to be 


(3) 


Obsened amount of 
bbel at time T 


= j’[ MO it 


The formal question to be con'idered, then is whether average sojourn can be 
estimated from the obsen ed amount of label in the circulation at various times 
If the amount of label present at any time is an ob'erv able quantity, so then is 
its change between any two times Thus, 

Change in amount of 

(4) label between time *« fi{l) dl — /}(/) dt 

and f + dt 


IS an observable quantity and so is 

(o) pilf,U)-Mt)]dt 


If we assume that the total amount of label disappeanng is equal to the total 
amount entering, we may wnte 

(0 f^'/Mil = p AWdt 


(7) 


(‘'mo-fMii 

- 

f*-t 

I 


The numerator of this quantity is given by (5) and hence is ob'crvable If the 
denonunator is al«o observable, then average «ojoum can be estimated and if 
it IS not obsen able it cannot be estimated 



ISTBODCCnON 


3G7 


Because of (6) there is at least one \alue of I say /«, for i%luch 

depending on 
whether 

(8) Mt) I hit) I < U> 

t^lf, 

t>li 

and the data presented at this conference surest there i» onlj one such lalue 
of t In IS the time at nhich the amount disappeanng is equal to the amount ap 
pearing Clearly 

(9) /fl < Li 

since for anj i> Li, /i(0 — 0 rurthermore from (4) is an observable quan 
tity Hence one can compute 

ClO) Amount of label present at time to = I'jMiit- I'um 

I^oiv the e-\pression m (10) is less than or equal to the denominator of (7) It 
will lie equal to it when to » Li and fi'hiOdt 0 namely, when the last atom 
of label to arrive in the circulation appeared before any disappearance has 
begun, and will be less than it otherwise Bnefl> then even with the ovcrsim 
plified assumptions that have been made avenge ^;oum con be estimated only 
when the frequency distnbutioiis/i(i) and/*(f) do not overlap Otherwise only 
an upper limit to this sojourn can be estimated Ib> substituting (10) m the 
deDomimtor of (7)] Ordinarily, if the ob«er\ed amount of label as given by 
(3), has a considerable plateau this suggests that the two di'^tnbulions have 
not overlapped, and that the period of the plateau is one dunng winch label is 
neither appeanng nor disappearing Contrarywjse the absence of a plateau sug 
gtsts the eMstcnce of overLap and the nonexistence of comlilioob permitting an 
estimate of average sijourn 

The moral for the 19th century hematologist, then, is that if one is interested 
lu even so elementary a measuremeut as avera^ sojourn, it takes a certain 
amount of nontrivial mathematical analysis (o establish whether the conditions 
for its estimation e\ist 



A Matliematical Model for Multiplicatiou 
by Binary Fission 

By T E a^BRis 

TT MIGHT be desirable to pre'«nt here a sur\ey of all the mathematical metb 
ods that ha\ e been useful, or at least popular, m dealing mth the groirth or 
decrease of biologic populations Howe\er, even if the author knew allthemeth 
ods that are likely to be appropnate, the brief descriptions that could be given 
vvithin the limits of this paper would not make in the aggregate a verj intelli 
gible account Accordingly, this paper will be limited to a discussion of a mathe 
matical model for the mcrease of a population of organisms by binary lou 
The assumptions made m constructing the model are undoubtedly too simple, 
but it wall be indicated how similar methods can be used to deal with more 
complex assumptions, with the hope that the methods can also be apphed to 
problems of interest to this Conference 
The growih of a biologic population is an example of a random (or stochastic) 
process, that is, a process developing over a period of time, whose development 
IS subject to random fluctuations Given a biologic random process, which is id 
general quite complex, the problem is to pick a mathematical random process 
that will imitate it os nearly as possible and still be amenable to mathematical 
analysis 

The simplest types of random processes are the Iforlot' processes there is a 
vrell-developed set of technics, mvoKmg differential or difference equations, for 
dealing with them A good introduction to the theory and application of the^e 
processes is given in the text of Feller', there is no point m trying to cover the 
same ground here In vrhat follovrs, a knowledge of these procesacs is not assumed 
This paper will de'«cnbe a mathematical random process of the type that has 
been called regenfralne Such processes are somewhat more general than Markov 
processses, and some of them postcss features that make their treatment almo t 
as simple They seem particularly adapted to certam problems of population 
growth An investigator with some knowledge of Markov processes and regener 
ative processes has an effective set of mathematical methods at his disposal 
The chapters of this paper are designated by Homan numerals Formulas are 
numbered con‘«ecutively throughout each chapter, with tho&e in the same chap¬ 
ter referred to bj number, such as (4), and de^^igiiations such as (II4) used for 
formulas in a different cliapter Similarly, reference is made to Section 1 or Stc 
tion 111 

Vo attempt has been made to provide a complete bibliography or to give the 
history of the various mathematical results However, there are several refer 
dice works given, sime of these contain lengthy bibliographies 

Throughout the paper, the symbol P is re^rved for probability” (of the 
following event), and E is reserved for “expected value ” 
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I Some B<sic I'.onoxs ja the Theori of PnociaiLin 
Some basic ideas and methods m the theoij of probability are revaened 

1 liandom tanablcs a»d momenta It is asaimol that (he concept of a random 
\ amble, Y, is bno%VD 

We shall consider two cases (a) The posable aalues of Y are the mtegers 
0, 1, 2, In this case (the discrete case) the probability distnbutioa of A i» 
specified by probabilities po, pi, , where p* « P( \ = A) for aiij integer A 

(b) Y lias a continuous range of \alues (the continuous case), and its distnbu 
tion isspecihed by adc«sdi//unrfie>n/(x), where/(x)di «= P\x < \ < x + dr} 
Thecu»Jjda/«cdi5tnfcu(?onisF(x) = /'«/(t)d/ 

The first moment, or expected lolue of \, designated by EX is Pi -f- 2p« + 
3pj + == (ora‘/(x)dj Ml thecontinuous ca5>e).The‘^econdmo 

ment is PA* —J]f*p* (or/3!*/(i)dx) the aanance isP\* — 
etc 

2 Generating fundions In the discrete case a aery useful role is plajed by 
the peneratinjt /unc(toft (gf) Suppo e Y corresponds to certain probabilities po, 
pt, The gf of V IS defi.ned to be the function of tlie \anablc s given by 

(1) g(s) =» po + piS 4- pjs' + 

We notice the •ample but important fact that p(I) « po + pi + pj + » 1 

^lainpfe \ is the number of heads m 10 to^^ses of a fair coin Then 

where (i®) is the binomi il coefRcieut lO'/l ’(10 — ()' The gf in this ca^c is 

+ (15)<h)“«”= 02 +Mi)“ 

5 Uses of generating functions We ‘•hall find the gf useful in two waja 

(a) To obtain moments If we differentiate g{s) as given by (Z) no obtain 
(Z'C*) = Pi + 2pi s + Putting c = I gives 

(3) S*(l) = pi + 2p* + 3p» + = L\ 

Smularly we '■ee with a little reduction, that 

(4) 5'(I)“21pi-i'32pj + 43pi4- = E\ —EX 

lor example, if fl(«) lias the form pveii bj (2), then 

g'(l) « 10(H + M)*<K) “ o andj/'fl) « 10 Q “22 5 

and thus EX = o and <r*(x) ~ ff'(l) + ff'(l) ~ [?'(Z)1’ ~ Ilence, if ire 
know g(8), we can find the monieuls of \ ‘ometimes more «inip!) (lian bj a 
direct calculation 

(b) To add independent random lenabtes Suppose \ and Y are independent 
discrete random v anables, Y hav ing the gf ffi(a) *= po 4* pis + t and Y hav - 
mg the gf giis) =» 5 a 4- qis 4* Weean venfy that the random vanable ^ 
= Y 4- 1 has the probabilities 

P{Z « 0} = poi/a, P{Z =» 1| = po7i 4- Pi?a, 

P\Z ®= A) = poij* + id" 4* « 


(5) 
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the last expression in (5) representing the sum ofj^he probabilities of possible 
ways in which X and Y can add up to k The gf of Z is thus 

(6) ffj(s) = pu9a + (po5i + Pig#)s + = 

and Me thus have the important result that/Ae gf of Ihe sum of two independent 
random lanables X and Y is the product of the gi of X and the gf of 

For example, suppose X is the number of heads in ten tosses as above, and 
Y IS the number of heads in a second set of ten tosses Tlien the gf of Y + 
(which is the number of heads m 20 to'^ses) is 

(H + H(K + H «)■• = H sf 

4- Random processes We shall give an mformal defimtion of this term which 
should be adequate for our needs Suppo-« that the outcome of an expenment 
or a sampling procedure is not a single number X but a function X{t) defined 
for every value of t in some interval We call X(t) a random function or random 
process For example X(t) mi^t be the complete weight vs time curve of an 
ammal selected at random from some population of animals, or the plot of the 
number of bactena m a culture as a function of time In the latter case, we may 
think of the culture as having been selected at random from a population of 
possible cultures 

II 4, JIVTHEUVTICVL MoDEn FOR MllLTlPLICVTlON BT BlNVRT FiSSION 

1 Basic asiumptions Wo assume that a simple organism (which we “hall call 
a cell) has a random lifelength T, mth a probability density /(<) At the end of 
Its life it splits mto two new cells, each of which divides after a lifelength* that 
has the same denstt> fH), and so on We make the basic a&umpttou that there 
IS no correlation or any kind of dependence between the lifelength of one cell 
and that of another, e g , between mother and daughter or between sisters AVe 
•shall see later how this assumption can be relaxed 

Let us note that if a cell has survnved until age f, then the probability that 
the cell splits dunng the small time interval (f,/ + dt) is f(J,)dl/{l — Fit)], and 
the function f(t)/[l — F(t)] is the age specific death rate In the special case 
where /(<) = ce~*\ the age ‘•pecific death rate is — c, and this is the 

only case where the rate is independent of age We shall 'ee later that the math 
ematical treatment ol this ca*e is particularly 'simple 

2 Dentation of equations for the probabiltltes Let us first make some defim 
tions 

Definitions Let N{t) be the number of organisms living at time t Let /(/), 
as abov e, be the probabilitj density for (he lifelength of one cell The cumula- 
tive di'tnbution is F(t) = /o/(R)dR, the lower limit of the integral being 0, 
becau=e the lifelength is never negative Let p*(0 = /tY(t) = A] be the prob 
ability that there are h cells proent at tune I, if just one newl> bom cell (the 
ance'-tor) was present at time 0 For eimphcity we have not admitted the poj,^i- 

♦ The term lifelength as used here, is equirslent lo the generation time, i e , it is the 
interval between two divtsions It does not impi} death of cell at the termination of life 
but rather a change of state 
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bliity that a cell dies without issue (^milar methods cau be u>ed to handle this 
broader assumption) and so pg{0 — 0 

We shall make repeated use of the generattug function of iV(f) defined b> 

G(s,t) = piCO« + Pi(0s' + pjfOs* + 

Let us non consider the probabilities pi(Oi PiiOt etc c cau ca'-dj e\ aluatc 
pi(l) Tor the only nay it can happen that just one cell is prc‘<nt at time I is 
that the ancestor survnes until t Thus 

(1) pi(o = -p(? >0 = 1- m 

We can find pzlJ) mth just a little more effort The onl> nay in nhich ju>t 
tno Cells can be presint at i is that the ancestor •splits at some tunc u pnor lo t 
and each of the tno new fanuhes thus created has exactly one member after a 
further lime t — u The probabdity dcn'«ity for splitting of the ancutor at u is 
/(u), aud the probability that both the new families ha\e one member after a 
further time < — u is [pi(i — «)f Tims we have 

(2) pi(() =» {pi(( — «)lV(u)du 

Since ne already hate obtained pj(0 ffont 0)> "c can non get p-(0 bj into- 
SraUoB 

It IS possible in principle to continue ni this way and obtain all the probabil 
dies successiaely Hon ever, the operation gets more corophcaled at each stage 
I ortunately we can \ ery c vsiiy get an c<iuaiiou for the gencnting funcUou <7(«,0 

3 In cguafiort for Ifie generating funetton I>ct t l>c sonic point in time, ind 
let us suppose again that t!ic ancestor ephts at a time u prior to t, the probalnl 
itj density for this being/(u) Since we now have tno nen families tint dculop 
independently of one another, the cells present at time / (i e, after a further 
time t — u) will consist ot a sum V|(J — «) + Nt(l — nbert. Vj and V* 
are independent random tanabJes, each of which has the generating function 
(7(8,1 — u) Hence the generating function for ^V|(J — «) + Xi(l — n) will be 
— «)]* 

?»eat, suppose jht MKcsteNT docs not spfit until 'iftcr the tans /, the proh iJwhty 
of this being I — F^l) In tins cast there w cx ictls one cell present at (, ind (he 
gtnttntmg function is ju-'t s 

Summing up o%cr all possibilities, wt 'cc that the generating function G(sl) 
must “iatisfy the equation 

O) GUfi - f C’(.; - uiKujJii + ill - Ki)! 

Jo 

equation (!) w an integral equation tint cannot be HiKcd cxplicitK except if 
/(u) has the \iry ^pccul form oc~*'’, when; c is a [) 0 ».ituc constant Howticr, 
we shall see th it a sub-taritial imouiit of lufomiition can be obtaindl fnmi it 

-i The poi;tl if rcgaieralion llcfore going farther, wt >hou!d con idcr llit gen 
irol principle u-td m obtamiiig wju itioii (J), ~ince it is oh ful m nuny ipplica 
tions of proUibility theory llie msturt wliui the first call is rephccd by two 
new ones is a aery special moment t/ire ore tnUn^lcd tii vlat happem afUr lha{ 
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momcnl we gain no further information by learning more about the past history of 
the process, because of our assumjAion that there u no dependence heltceen (he life 
lengths of mother and daughter cells Oa the other hand, a completely arbitrarj 
moment of time does not have this desirable property For example, suppose we 
know that 5 cells are present at some particular instant of time The behavior 
of these cells m the next few moments depends on their ages, which we do not 
know Accordingly, we would be better off if we knew the complete past history 
of the process, since this would tell us the ages of the cells present, and condi¬ 
tion our estimate of the future The name “point of regeneration” is sometimes 
used to desenbe an ev ent having the followiing property the history of the proc 
ess before the ev ent has no mSuence on its behavior after the ev ent occurs Each 
such event may be said to "regenerate” the process, and hence the name 

III SrCDT OF THE pROPEIlTIES OF THE MvTHEiUTICVL 'NIODEL 

1 Demotion of the “renewal equation ” Let us fir«t see how equation (113) 
can be u=€d to study EN{t), the expected value of the number of cells existing 
at time t, and the standard deviation of iV(0 

Definitions Let m(t) and ff{<) be the mean and standard deviation of A (f) 
We recall from Chapter I that the firstmoment }n(f) is the demativeof (7(e,0 
with respect to s evaluated at a «> 1 If no differentiate (II3) with respect to s 
we obtain 

Cl) G'u,t) - f laut - uvfUf - «)n«vti + 1 - f(o 

Since G(l,f — m) >■ 1 (because <7 is a generating function) and since (?'(1,0 ■■ 
EV(t) = m(f), we obtain, by putting « = I m (1), the relation 

(2) m(t) = 2 j m(t — v)f(u)du + 1 — F{t) 

Equation (2) is simpler to investigate than equation (113), being an c.xample 
of the so-called “integral equation of renewal theory ” (It is a ‘•pecial tjTie of 
the larger claso of Volterra equations ) Variants of this equation are encountered 
in the study of the growth of large populations or of the replacement of mdus- 
tnal equipment, where only expected values, not probabilities, are treated The 
characteristic feature of a renewal equation t> the appearance of the unknown 
function m an integral expre&Mon of the form /* m{t — u)/(«)du 

2 Solution of (he renewal equation So far we have not made any special as¬ 
sumptions about the lifelength denaty /(t) Generally speaking, we want to 
have available a vanety of po>»ible forms, capable of representmg different pos¬ 
sible ty pes of lifelength, and simple to treat mathematically k family of density 
fimctions that meets both these entena is 

(3) m - V’""' 

wherecIS po'itiveand/. 13 positive (or0,mwhich case/(t) — ce “) Ifthelife- 
Icngth T has a density of the form (3), then the mean and v anmee of T are 
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re‘ipectnely J)T == (/ 4- l)/canil = (/ + l)/c Comereel^, if iieknow 
the mean and N-mance of T, we fan attempt to represent the distnbutioa of 
Iifelengths by the den^tj (3), taking c = ^{T)/a^(T) and (notice tluxt I does 
not depend on the time unit) k = /o'{T)\ ~ I 

The representation (3) seems rea£OQabI> (ike that ob^ened m certain forms 
of bactena where \alues of / m the neighborhood of 20 seem appropriate ” 

If we Use the form (3) and require that A be an tnieger (or 0) then it is pos¬ 
sible to obtain an eNphcit solution of equation (2), although numencal e\‘alua 
tion of the solution if> tedious We shall not go uito thi« but im estigate the be 
bavior of the solution of 12) when / is large mthout making‘•pecial assumptions 
about/(/) 

3 Behai tor of the first moment when I ts large It can be ■’how n that the cxycc 

lahon ?«(/), satisfjing egualion (2), has approximakhj an exponential form when 
t ts large J/orc precisely tu can show that m(t) that is 

(4) 7n(I) - + d(t)] 

where d(t) ts a function of I that goes to Q as I increases and the conttanls b and 
Tii are determined as follows 

(i) The integral /? e~^'f{l)(H is a function of the %anable i Since / is posi 
tive, this means that c "gets smaller os a; lucreoscs and hence «o doca the whole 
integral When x =* 0, the integral is //(/)<ft = 1 and it can bo «homi that the 
integral goes to 0 uheu x uicrea^^ There is, therefore a lalue of x which makes 
the integral equal to ^2 and this value is b 

( 5 ) j'e-^'sm = ] 

(u) The constant iix is giien by 

1 

Ibj^ (i!'"/(0rfl 

We shall not go into the demationof (4), (o), and (0), nlueh can be obtained 
from works on the renewal equation, c g, Feller ’ 

Example Suppo«e that /(/) has the form (3) %iith / = 19 and c =» J when 
the time is measured in minuter Tbte is not far from the ca e with certain bac 
tena ** The mean hfelength is thus ET =^20/i = 20 mmutca Section 
2) and the standard deviation is> ff(<) « -n/JO — 4 47 Cakuhtiou <hows 
that in this case 

6 » 003a27 

(7) 

«,» 07339 

and thus for large / we have ni(/) ~ 07339e*®*' Tlua exponential growth mle 
for tile expecUd tallies reminds us of the Malthuaan law of geointtnc mcrease 
for large populations 

4 Fluctuations So far we have disciussed onl> moan valuer, and it is inipor 
taut to consider how important are fluctuations around the mtan Ihe first i>tep 
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m this direction is to e\nluate the standard deviation of Nil) Without going 
through the detailed argument, we state that the procedure is to differentiate 
equation (1) again mth re«pect to « and then set s = 1 On the left hand side 
of this equation we shall obtain which equals EN^it) — ENit) («ee 

Section 12, equation (4)] On the right side we obtain integrals invoKing 
— u), G'il,t — u )—already known—and other knoivn terms, and we 
thus ha\ e an equation that is similar to (2) and can be treated by similar meth 
ods We gi\ e only the result for lai^ t 

The standard daiation a(Nit)) ha» approxtmaldij an exponcTilial form for large 
t More precisely, we ha\e 

(8) 

where «i and b are the same constants that appear m (5) and (6) and J is 
given by 

(9) J - l~e ’“fi.Odl 

It IS important to notice that the standard deviation grows at the same rate 
as the mean 


IV Behvviob of V(t) AS Time 1nche.vsbs 
^Vhat IS the behavior of the total number of cells V(0 os t increases? Intuition 
suggests that once the population attains a moderate size, it «hould then grow 
steadily ID a geometric fashion until the cells become crowded enough to hamper 
one another, at which pomt the applicabihty of our model ceases We shall now 
investigate this idea more clo*<ly 

Unless otherwise stated, statements made about the population <ize V(t) will 
refer to the mathematical model, <?o that we shall be free to make categorical 
•statements without qualihcation Some remarks will also 1» made about the 
reali^im of the model 

1 The logarithmic phase If we plot the natural logarithm In iV(0> "c obtain 
an increasing cune that has irregular random fluctuations when t is small but 
eventually smooths out and becomes almost a straight line If we plot In N(l) 
iiom anoiViCT tsvperiment independeTft. dl the fttbt, we find the same bebaMW, 
the ev entual straight line having the -sawie dope as the fir'^t, but a different inter 
cepl Figure 1 shows this behavior schematically, although the curves have been 
drawn smoothlj, without trying to ^ow the jumps corre'spondmg to individual 
births The penod of linear growih of In V(0 is called the logarithmic phase " 
Since In [£.V(01 is, from (1114), appFOAunaleI> In ni + bt when i is laige, 
v\e should expect the slope of the curve for In *V(<), if it settles down to anything 
at all, to settle down tp the constant b defined by (III 5) Thus, when I is large, 
we should have approximately 

( 1 ) In A it) = W + a random variable independent of time 

Equation (1) sajs that when Z islarge, we should have =e times (a nn 
dom V enable independent of time) 
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This suggests that we stuciy the reduced random Njnable and it is 

also convenient to dnidc by the constant «i defined by (III 0) \So then have 
the following result 

Theorem 1 When I increases the rondowt /unciton \ opproaeUs a 

limtl iVo, and jV» ig a random lanable that ts, ire hate V(t) "• 

cannot enter into the proof of Theorem I \^c mention, however, that the 
mam step m the proof cornea m showing that if h and fj arc Urge, then V(fj) 
and iV(fj) are almo t perfectly correlated 
2 The disinbution of \e The probability distntiutiou of N # is now of ol>\ lous 
interest Since EN{t) la approximately me*' when t is large, we ^ that / V# = 1 
The next step is to relate the stmdard deviation of A# to the dulnbuUon of T 
ot a £aig?e ced If we go hacl. to (III8), wc «ee that w/ica (is firgc the 
atd deviation of A (0/(nie*’) i> {(4d ~ lj/(l “ 2d)j' * where J is defined by 
(III 9) Hence wc h.iv c 



The following approximate rule proposed by D G KciuL'ill “ is al'O very 
ful Oie slatulard daiaitOH if Xi IS tiearlj cqualio the focj/icicrti f tanalton if Iftr 
life length of one cell, 'j{T)/l'T (\te have sciJcd that it> mean is 1, if tins 
had not been done the mle wouldidiUhold uithtf( No) replaced by a(Se}/J N, ) 
It is po»ible to deduce further facts about llwdMnbutioaof but wt cannot 
go into this here 

Example Suppoic wc ire it again the exjinj^c of Stctiou III i The quaiititv 
afT), fte given by (d), can U. calculated to I»e0-J2 Tlie cotificunl <f van 
ation of T is l/y/jO =* 022 , in ngreemeni with the above ipproxim-ilion 
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3 A special case Let us consider the \eiy •special case ^\here the lifelength 
density/(O has the form cc”*‘ This is the only case ■where all the distributions 
mvohed can be found e^pllCltly, and is thus worth some attention, even though 
the assumed form is unrealistic The treatment in this ca'se is particularly simple 
because of the unique property’ of the exponential djstnbution that the death 
rate is independent of age (see Section II1) Thia is the classical problem treated 
bj Yule^ in an application to the development of new specie'', and by Furry* 
in a problem m the phjsics of co'mic ra>s In this case the generating function 
G(s,0 can be shown to have the form 

(3) GCs, 0 = gti _ + (l — + (1 — e “fs + ] 

Since the probability P[iV(t) = A} is just the coefficient of s m the expression 
(3), we have 

(l) PWU'l - M = - e 

for A = 1, 2, The expected value m(/) » jFV(0 is ju»t e“ In this ca'O, 
the density function for the limit iV© — hm can be determined exactly, 

it IS just e * 

Ji Laler stages of groulk of the populalton If we are dealing vntb a population 
confined to a limited «pace, the loganthouc phase of growth cannot continue 
indefinitel}, and new factors must 1^ considered By the time the cells begin to 
inhibit one another, it may be that there arc enough present so that a mathe¬ 
matical model of the detcrmimstic sort is appropriate, rather than treatment by 
probability theory Thus one could perhaps treat the early stages of growth in 
the manner of preceding sections and treat the later stages by means of differ 
ential equations This sort of procedure has been u<ed b> D G Kendall' in the 
mathematical treatment of epidemics As far os I know, this possibility has not 
been explored for the growth of populations of cells 
Even in a population that is stationary because of crowding, it may be reason¬ 
able to follow the fortunes of an individual family (e g , a family of mutants or 
a labeled familj) in the manner of preceding sections In this case we would 
modify the treatment so as to allow deaths as well as fissions 

V Tub Age Dkiribetiov for, the Logxritumic Puase 
If we knew the age of each cell present at tune t, we could construct the func 
tion *Y(<,i/), the number of cells whose age at A is y or less The ratio X{t y)/X(t), 
considered as a function of y, is the proportion of the population aged y or less 
at time t, this proportion is itself a random variable For obvaous reasons, we 
call the function of y defined by *V(/,i/)/jV(/) the age distnbidwn 
I The limiting age densiiy ^Mien only a few cells are present, we should ex¬ 
pect the age distribution to be quite irregular On the other hand, after a long 
time penod, when many cells are prc>cnt, vve might expect the age distnbutioii 
to settle down to a definite limit, and this is the case 

la < increases, the age dutnbulton XHd/)/^{l) comerges, for each lalue of y, 
to the cumulaltie probability distribution function ichose density is 
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( 1 ) 


aiy) ~ 


e 'ni-r(y)idy 


where 6 is the constant defined by (HI o) and f(j) l> the cumuUtne lifelcngth 
distnbution for a single cell e call the function a(2/') defined bj (1) the hrnii 
tng aye densitj Roughlj speaking we may say that when the population reaches 
a large size (but la stiU m the loganthnuc pliase) the fraction in the age range 
yi to yi IS gn en by 


( 2 ) j a{y)dj 

[Notice that a(y) is a denwtj although the cumulatne di tnbution r{j) ap 
pears m the definition (1) ] 

To obtain the last expression in (1) we need to u»c the relation (III o) and 
we al«o use the following relation obtained from integration bj part* 

Let U3 exammo the meaning of the formula (1) The po-itn e constant b reprt 
scuts the population growth rate Now if we deal not with i growing population 
but with a large statiouary population where each coil that di‘appcarb u rc 
placed by just one new ceil and not two then it is known that the limiting age 
densitj isjustC[l — ^’(y)l where C is a constant The derwtj m (1) contains 
the factor c which tends to mcrcaso the concentration in the smaller a^o rai go 
This IS because in an increasing population the age dislnbution is bu^d down 
ward owang to the relatnelj large numlwr of rcccntl) born objects and the f ic 
tor e***' IS the effect of this bias The abo%c fact* ibout the age diatnbution can 
be deduced by nielfaod* similar to tbO'O tmploicd in Chapters II and III 

2 Illmiraiton of the xise of Oie age Jaistlj the fraction of cclU m Ih. 

fore a cell complete* dividing ifc undei^oes a period of change called Hoff 

man Metropolis and Gardiner” have considered the problem of dctcmmig (he 
fraction of the population that is undcrgoinj, mito. is at a giv c» lime muig ran 
dom 'ampling Olmite Carlo) methods If the population h i* rtathed the point 
where the age distribution i* described bj the luiutmgagc dciLit) a{y) thta wt 
can UMi the rcbult* of the previous soction to dctcmuie the fraction of the popu 
lation in mitasn 

Suppose the cell lives a length of time Ti liefore nuto is bofcin* an 1 ptnds u 
further tune Tj m mito i 3\c miglit oppose the etpected fraction of ctlli m 
mito IS at agiven time to 1 ) 0 + tTi) but tlus overlook* the fact di*- 
cus*od in Section J, tint multiplication of cclU lend* to yve a I»is towards 
jounger cells and hence dcoreises the proportion of tells in nutfxa* Ijtlow tin. 
Value ju*t given 

'suppose that Ti and r c m lx. as-umed to bcmdvptndcnt of one another with 
then, {xictivedcn itics/i(t) ind/j(l) It i*known from the thcorv of probabilitv 
that/j(l) and/i(i) ire rvLitcd to/(0 n»follow* 
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uifiCu) du 


Let Fi{t), Ft(t), and F(t) be the corresponduig cumulatne distnbutions 
Is'o^ consider a cell of age y The probabihtj that mitosis has begun, given 
that the cell has reached age y, is 


(3) 


Fi(y) - F(y) 
1 - F{y) 


Thus the expected fraction of cells in mitosis at a giv en time is obtained by mul 
tipl>ing the expression (3) by the age density a(y) given m (1), and integrating 
over y 

We can ev-aluate the above integral in the foUomng manner (for reasons of 
space we do not include a derivation here) let R be the ^positue number deter 
mined by 


(4) 


2 ^ SMe-^dl = 1 


Then the fraction of cells in mitom after a long period of time is 
(5) 2 r<-*'/,(OA- 1 


It should be pointed out, however, that the sampling expenmeots of Hoffman 
et al indicate that it may take a long time for the fraction to settle down to this 
value 

Example Suppose that ft(t) is the density for the time Ti spent in mitosis, 
and that the time Tt pnor to mitosis is distributed as the sum of n independent 
random variables, each having the density/](() Then the fraction of cells m 
mitoas (the mitotic index) can be shown, using (5), to be — 1 For ex¬ 

ample, if n = 1 (i e , if Ti and Tj have the samedislnbution), then the nutotic 
index is -- 1 « 0 414 If ms large, the expression 2*^*"^** — 1 is almost equal 
to log, 2/(71 + 1) = 0 093/(n + 1), which is not much different from the ex 
pre'^oti equivalent to log, 2/n given by Hoffman et al (p J77, footnote) * 

VI AIOBB CoilPLlCVTED ALVTHEVLVTIC VK JIODLLS 
In order to treat types of cell multiplication different from binary fisoiou, or to 
deal with assumptions less restnetive than the ones we have made hitherto, we 
can generalize our “imple mathematical model lu several direction;} Some of these 
generalizations and their uses will now be indicated 

1 Case of tuo types Let u» •'uppo^e there are two tjpca of cell, saj 2 and 2, 
with lifclength densities/i{0 and/}(0 4\’hen a cell of tj-pe 1 «phts, it has proba 
bihties Pi, ?i, and n of producing 2 cells of tj^ie 1, 1 of tj-pe 1 and 1 of t^Tie 2, 
or 2 of tj-pe 2, re^pectivelj, where pi <ft + n = 1 Similarly, a cell of tj-pe 2 
has probabihties pi, 9 -, and r* 

To treat this situation, we use the double generating function 

= f: z p[v.(i) - j,A'.(o = i] s.v 
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for tEe numbers iyi(f) and ^ 2 {^) of types 1 and 2 at time I if mitiaJ]> there is 
one cell of tj-pc 1 There a •'imilar generating function G« for tlie case uhere 
there is initially one cell of type 2 We can deduce from n.asomng similar to that 
^\b^ch produced (II3), the pair of equations 

=si[i -ruoi 

/V I 8} t — u) 4- giGiUi s t — «)(7j(«i 8j f — u) 

( 1 ) •’® 

+ riGtUiS t — w))/i(u)dn 

(2) G,(s, s i) = s [1 - F,U)] + f Ip^i’ + q^GiG, + rA’Wu) du 

Equation!. (1) and (2) can be treated simiJariy to the ‘•impler equation of Chap¬ 
ter II although the possible modes of bchanor arc nmr more complicated than 
those of Chapter II 

Fxample 1 1/wtations Suppo'^type I is a normal form and (>pe 2 is a mutant 
form If backward mutations are impossible wo may represent this ‘‘ituation 
the abo\e model with 

pi » 1 — p “ P ri « 0 
Pt«0 qt^O rt«l 

example 2 Correlalwns \\ e can treat certain cases where there is corrcl vtiou 
i}etween lifelengths of mother and daughter cells or sister cells or both b} ap 
propnate choice of p 8 and 5 S m the above model lor example uppoao tiTk. I 
ha:> a greater mean hfciengtb than t>pe 2 Let us take 

Pi “ Pi “ 1 — p “ 9* “ 0 r, » r* » p 

Then each birth will produce cither two cells of the longer lived Ijpc or two of 
the shorter lived type with probabilities that arc the hamc for uihcr tjpc of 
parent Here is a case with correlation between su-ters but not tictween mother 
and daughter (Some data given by Powell* suggest tint for certain ljuctena 
this IS the case, although the model just ketched mij be too iniplt to deal with 
the real situation ) 

Cases where there are more than (wo t>pcscan bedeak wath m a Mimlar \\a>, 
as can cases where iuvion is not binaiy but multiple 

3 More comphcalcd ktiuU of reproduction Uc liavc comidered only a type of 
reproduction where fission i& accompanied by complete di-'jppc iraiice of the old 
organism and the simultaneous appt irancc of new ones Hut a higher orgam m 
nuiy produce progeny several times dunug itabfc us in the c.ii< of largtr ainm iN 
Tlie mathematic d treatment of this «ituaUoii i* somcwliat more complicated 
than the cose where all births occur at once and wt hall not enter into u here 
beyond the st Ucment that the mcvii and vanance of \ (0 again •vki fj e<iuation-i 
of the renewal tj-pe 

MI Co>Cl.LD}SG Upviviiks 

file number of m-stauecs when, probibih-kic theories of iKjjiulatwn growth luve 
been tested expcnmenl vUy or used m the interpretation of ixpenmiiits, as far 
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as I know, IS small As mentioned abo\e, Kelly and Rahn’* and Powell’® have 
made direct ob'ervations of the lifclengths of bactena The well known expen 
ments of Luna and Delbruck** w ere interpreted by means of a probabilistic math 
ematical model to yield conclusions about bactcnal mutations Further expen 
ments are mentioned by Armitage * Some evpenments on competing populations 
of beetles have been discussed in the hght of probabilistic models by Neyman 
Park, and Scott *’ 

It seems also true that some workers in biology feel that their thinking or ar 
gumentation is advanced by the use of mathematical models, even when direct 
expenmental verification of the conclusions is difficult or impossible Thus, ge 
neticists have used mathematical models to study the survival probabilities of 
mutants with a ‘Jmall advantage over the mam population Such studies ma> at 
any rate be preferable to unquantitative speculation 

The mathematical treatment given in this paper is based chieflj on work by 
Bellman and Harris* and Hams ‘“Further mathematical treatment of population 
growth bj probabilistic methods is given, in addition to the vanous references 
cited abov e, in papers by D G IvendaU,'* '* M S Bartlett,* and m the book of 
Bartlett * The recent book by Bailey* on the mathematical theory of epidemics 
should also bo mentioned A mathematical treatment of regenerative processes 
has been giv en by Smith *‘ 
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Some Remarks on Changing Populations 


By Heinz Von Foerster 

• I 'ODA.Y we are bejond the stage where unaided obser\ations will answer the 
questions we a«k The ob«er\er is surrounded b> a battery of complex tools 
extendmg his senses far beyond their natural limits klthough the«e tools are 
not the objects of his obsenations, he must familiarize himself with their prm 
ciples techniques of operation, capacities and limitations, m order to make 
sure that what he observes is mdeed what he wanted to observe Smee these tools 
nowadays are becommg more and more mtneate and specialized, the manu 
facturers of these tools are kind enou^ to send along with their products an 
instruction manual which has to be carefully studied before the instruments are 
put to use Of course, this instruction manual docs not describe the forthcomuig 
expenmenl—deacnbes the too\ 

Although making ob'^ervations and drawmg mferences from the-^ observa 
tions are two different arts there is a sunilant> between the two which 'hould 
not be ov erlooked 

We are also be>ond the stage where simple reasoning permits us to draw m 
ferencea from the complexity of our ob«ervations Today the interpreter of these 
data has acceaa to a wealth of conceptual tools extending his povrer of reasoning 
far bejond his personal limits 41though these tools arc not the objectives of bia 
investigations, be has to familiarize bunself with their principles techniques of 
operation, capacities and limitations m order to make sure that what he mvcsti 
gates la indeed what he wanted to investigate Smcc these conceptual tools 
nowada>s are becoming more and more intricate and specialized the manu 
facturers of the«e tools should be required to send along with their product an 
instruction manual which has to be carefully studied before the mathematics is 
put to use Of course the instruction manual does not describe the forthcommg 
interpretation of an observation—it de enbes the tool 

In the follow mg remarks about populations and their behavior in various states 
of equilibrium I am attempting to desenbe a mathematical tool which is—^ I 
smcerelv believe—tailor made for the interpretation of some kmd of observations 
that. e,xpecviaeiita.l are wow roakmg In vnitrettvan manual 

that comes along with this tool I will make all efforts to pomt out its underlj mg 
pnuciples, technics of operation capacities limitations and the significance of 
the various built-m pointeiN switches, trap-doors mirrors lenses and buttons 

POPLLATIONS 

Although everjbodj seems to havea good intuitive idea of what is meant b> a 
population, one has to sharpen this concept considerablj if one attempts to 
formulate statements about populations in mathematical language The essential 
point which distinguishes a population from a mere set of elements is m mj opui 

From the Departmcol of Electncal Engineenng Ijciversit} of Illinois 
This work was sponsored b> grant C-40t4 from the National Inslitutcs of Health L S 
Pul lie Health Service 
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lOD, the particular property of the individual clement of a populatiott that it 
changes as time goes on The most dta-^ic changes an element can undergo are 
spontaneous appearance (birth) and •spontaneous disappearance (death) Aside 
from these, there may be many other posable change , such as location appear¬ 
ance, aclmt>, etc that an indiMdual element may make dunng its life The de¬ 
scription of a state m nhich elements may be found I «hall call a state-de 
scnption Such d state-de«cnption may be \ety general eg the red cells m the 
\ascular sjstem or aery specific eg •mch and «uch a dividing ceil in its n th 
generation Since it is the business of all quantitative descnptions of populations 
to count the number of elements ansnenng a particular •^tate descnption it is 
important to make this description as unombiguou'^ly as possible because adding 
or subtracting a smgle propertj from this descnption may drastically change the 
number of elements under consideration Although in many mstances there may 
arise some doubt as to ■whether or not certain elements should be included in the 
population count, the'^ cases may be dismissed if they constitute only a small 
fraction of the total population If however, the population is mainlj made up 
of such fringe cases, it is advasable to postpone a numerical evaluation of this 
situation until vre are in the possession of a calculus of il}*<lefiued objects w Inch 
I fancy may be intriguing to develop However this discu—ion will be restricted 
to the simple case where indeed a sufficiently brge number of elements can be 
fouad vrhich for most obsen ere seem to answer a certain siaie-descnplioii 

Vftcr such a &tate-descnptiou has been furnished one may ask about the uum 
her of elements populating this rtate Hence twosyrobol»arenece^r> tocomcj 
this rttuation and I shall use JV to present numbers of elements if more than 
one state IS to be discussed I shall uidicate this with a prcHx \ where sis a 
number referring to the s tb «tat€-de^«nptiou m a catalogue of such descriptions 
To give a •simple example ma2-dniding !o& less population where the •■tatc 
descnption is belonging to the « th generation we have «Y *“ 2vV Should it 
be evident from the context which state one is talkuig about the prefix may be 
dropped In the following I shall discuss mainly «ome properties of populations 
defined by a single ‘=tate<iescnptiOD although the mathematical apparatus de¬ 
veloped herem should allow me to use it for multi state populations as I will 
•how later m some sunple examples 

In order to represent adequately the properties of a given population two more 
pieces of mformation w ith re&pcct to a particular element are rw[uircd Tlie one 
IS a statement of how long this element has been in this st itc whichl lull refer 
to as the age of the element wath re pcct to this state, the other one is the total 
time span an clement may Ire ob'crved m ••uch a tate marked by the instant 
of its entry and the instant of its exit This I shall call the duration of the cle 
nient wath respect to thj'» state \ge and duration wall lie sjmbolized by the Itt 
ters a and ‘D , re pectivtly 

Having introduced these temporal concepts wemij no\r ask about the nunilicr 
of elements -J-V, which can be found m a given age groups going from a^e a to 
age a + An where the finite interval Ao may be cho'cn convcmtntly, say om 
year one day one minute etc , depending upon the kind of elcniuits uiwlcr con 
sideration This number of cicincnts per age intcrv al Jin, wall called the fimte 
age distnbulion insymlxjla 
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After Aa has been chosen comeiucntly, a graphical representation of AW Mould 
result m a step function as indicated m figure la Clearlj, the sum of the elements 
in all these age intervals “hould account for the total population 


5“' AAT, = iV (2) 

as indicated by the area under the step function If there vs good reason that maxi 
mum age (a = am**) in this particular population is a doubtful concept, one may 
play it safely by letting Um** go to infimt> 

Such step functions, hoiiever, are not veiy practical to deal with and it is 
much more preferable to introduce right at the beginning smooth, and if possible 
continuous functions because the powerful methods of integral and diifcrential 
calculus can then be emptojed The method of achievung this smoothing is to 
consider what would happen if one would reduce the age increment Aa to smaller 
and smaller values da, until a further reduction results m a proportionate reduc 
tion of the number of elements counted m this agc-mcrement da Smee at the 
same time the number of elements dAT in this sample will become smaller and 
smaller too, but the ratio between these two numbers dW/da will approach a 
fimte value, Na, this ratio will represent the number of elements per unit age 
at that age The usual mathematical formulation of this limiting process is 

lim ^ - ,V.(o) (3) 

Aa aa 

Figure lb sketches the smoothed step function illustrated m figure la 4gaio, 
the total population is represented bj the area under the cun e w here integration 
now has to replace the summation in our previous equation (2) 

iV = / If.Ja (4) 



Fig 1 —Age distributions for (a) finite and (b) infinitesimal age intervals 
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Up to DOW I have tacJtl> assumed that by some means or another the age 
of an element could be directly detennined Unfortunately, this cannot be done 
in most cas^s of those cell populations that we must deal wath We have to go the 
other way around By this I mean that we would like to determine the duration 
of a particular state by counting the number of elements that can be found m this 
state at a given instant of tmie To briefly eNplain this, consider for the moment 
a state-descnption that would characterize, say, the erjihrocytic senes Suice a 
particular element of this «enes undeigoes changes in ‘«hape, our cell population N 
la made up of elements of different kinds which we may define as substates A, 
B, C, etc We are supposedly able to count the number of cells m these states 

such that 


..V + i^V + -h - V (5) 

and from tins, we would like to infer about the duration of the re'pective states 

jD^ s* Oj — 0 

i)« * Off — Oz ( 6 ) 

Dc Of ~ o* 


where ,as,ac is the age of tenmnatiou of state ^1, B, C, re'^pectu cly 
It sounds almost trivnal to say that the answer to thisquestion can readily be given, 
if the age distribution N, is known Because then we have 

iV = j.V + jiiV + (.AT + 

= J* Wo da -[- J iV, rfa + J* jV* da + 

» r^Woda 

Jo 

Since Na is unknovm, we have just concluded a vicious circle, which usually is 
broken by making educated ^eaes as to the age distnbutiou <V, One of the 
most popular osaumptions of Xa is that it is a constant C (I call such populations 
equmvant and ■■•. hah discuiki this situation later iii more detail) Tins a-*umption 
solves our problem immediately, because now 

jW = f'‘ jV. rfa = C Jo = C(flA -Q) - CD, 
or 

Da =* aX/C 
Dn = mXiC 
De = cX/C 
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The onlj quantity missing is C, which may be found determining the duration 
of at least one sub state or by other fcaabic methods 
Another example of an assumed age distribution should be discussed, in order 
to make clear that whenever we choo'« a particular age distnbution we have a 
certain mechanism m mind which may produce this distribution Imagine a 2 
dividmg population, where v.V is the determinable number of elements in the i th 
generation \Vhat is the duration D, of this sub state? The age-distnbution is 
given at once by 

V. = iV,2" = Vrfr"'”" - N:/'- 

where r = In 2/X is usually called the doubling time of this population From (0) 
and (7) we have 

,<V = N. f' e‘da = e*- ' («“• - 1) 

whence 

+ '] 

Since has been counted, a^i i» given by 
Qi-i = ZJa + 
d-i ” 0 

The only quantity missiug is r,orX =» In 2 /t, which may be found by determining 
the duration of at least one sub state or by other feasible methods 
I hope that the«e two examples helped to demonstrate the central position of 
age-distnbution and their underl>^ng mechanisms in the study of cell popula 
tions In the followmg I shall try to present methods, of how one may get an 
insight mto these mechanisms b> making observations about numbers of ele 
ments m certain states or, if assumptions of the&e mechanisms are made what 
are the parameters that will describe completely the resulting populations 

POFCK.VTION S-VilPLBS 

There are two main objectives undcrljiiig population studies One consists of 
denvnng statements about a population as a whole from observations of the life 
history of its elements Demography or ecolog> are examples The other one con 
sists of attempting to make condusions about the elements by ob^iervang the be 
havaor of the population as a whole We are mostlj concerned with this side of the 
problem 

The former approach is taken by the Bureau of Census deriving information 
about the beliavior of the population as a whole questionmg each element of 
this population, whether or not it answers a certain 'ct of state descnptions This 
is certainly a complete method with which to denve statements about the popu 
lation under consideration In cerlam case:, it maj suffice to question onlj a 
“representative sample" of the population if one his made sure that the cle 
ments of this sample hav e been selected b> a true random process, i e , no ‘elec 
tiv e principle ‘•hould hav c «neaked into the sampling method, and if this sample 
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IS sufficiently large m order to be coDSidcred a repKScntatn e sample of the whole 
population The methods by which we may answer the question of how trulj 
do the concise properties of this sample population reflect the properties of the 
population as a whole are the methods of statistics They Ime been de% eloped to 
a high degree of perfection further elaboration of this topic must !>e left to the 
btatistvcian The point I want to stress is that in this approach one has access 
to the individual element and by making records of its life hiatorj one may de¬ 
rive statements of the population of which this element is a member 
In our situation however the indKadual clement is in mo&t cn^s not directly 
accessible for queatiomug In ^pite of this fact we would like to gam the most 
knowledge possible about its habits life history and w hereabouts In this situa 
tion one hopes that by studying the population as a whole—or a representative 
sample of it—one may be able to derive statements about a typical element 
Obviously this approach is the inverse of the one discussed ju»t before and the 
methods available to tackle this problem arc to my know ledge by far lcs» de- 
leloped than m the previous case Unfortunately the problems we arc dealing 
with—as I understand them—arc jUst of that nature Wc would like to answer 
the question IVhat does a typical leukocyte do? tacitly assuming that there 
IS such a thing On the other hand we would reject the question IVhat docs 
a typical Afncan do? as being ridiculous unless we permit noncominit il gen 
eralities as answers e g He lives in Africa where even those may be wrong 
ICecping the problematic nature of our question m mind wc ■'CC no other way 
to attempt to answer it but to study the population as a whole Since in ilmost 
all cases this too is impossible we have to restrict our a. pirations usually to the 
‘‘tudyof relatu ely small samples hoping that these may serve as represcutativo 
samples from which conclusions can be made about the properties of the popu 
lation as a whole Havinj, arrived at those we wish to derive statements about the 
behavior of typical elements of this population 
There are in principle two fundanicntaljy dilTcrcnt methods by which samples 
of a population can be obtained The discussion of certain paramtters tliat may 
suffice to descnbe the*^ samples the populations they represent uid Ihcir nl i 
tioijships mth each other will make up the mam core of this chapter 

1 Congcncrale Sample 

Assume that we take a large number A* of ncwbonis place them into m 
ideal environment and count in subsequent time mfcrv ds the sun iv ii g tie 
ments No other elements except tho^j of the sample are admitted and no tie 
inent vs suppoMid to be removed from this euvnronment Should this sample re 
produce vtsotT pringisasisumedto bedisiinyai hvble froiu the parent pul itmii 
I hasten to explain the different terms I put under quotation marks 1 he tenns 
newborn and survival refer to a particular state If this st ite happens to lx. 
being ibvc then thc'<f words can lie taken htcnlly Vncltmcnlihatundtrgota 
dristic changes maj bo called i new bom with re pcct to a particular ''t itc 
whenever it issumc'- o shape tliat is defined by the appropnatoslalc-dtscnption 
Sunilarly if an element lo-os the properties that nuke it an element of a particu 
lar state it dots not necc'^Ninly mean that the tJement ditoJ We may ciU this 
Inuismutation or loss of i Icntification By idc d envaronnu iil I ‘imply 
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mean absence of toxic agents and sufiicient quee and food in order to a\ oid in 
teraction of the elements 

It IS clear that this sample does not constitute a population in the usual 'lense, 
since at each instant there is only one particular age group axailable can, 
however, construct with this ^^oniple a fictitious population by imagimng that we 
would inject into this environment newborns at a constant rate of iVo The age 
group distribution of this population would turn out identical with the 
time plot of the original congcnerate sample, only that the abscissa has become 
age instead of time Since Na, the number of newborns, is arbitrary a much 
more sigmficant function is obtained if all values are dmded by No This 
function 1 shall call the ‘ intrinsic life function ’ *5 

AT, = AV(a), (8) 

a somewhat arbitrary «ketch of which is given in figure 2a Obvaously, this fucc- 



FiG 2 —Intrinsic life function (a), duration diatnbutioo (b), and intrinsic loss factor 
(c), for a congcnerate sample population 
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tjon must Start for Q = 0 mth <9 *= 1, since V„(0) *= A^o aud Vo/^o = 1 Another 
important propertj of this function may be mentioned namely that nonhere 
can It dicphj a slope that is directed upward The «lope of this function must 
always be negative 

w 

This property is deriv ed from the fact that we did not permit newcomers in age 
group* different than o « 0 to join this population and that the rate at which we 
fed new elements into Uus population remained constant A close relatn e of this 
function eajoj’s mde populanty and carries manj different name* Life expect 
ancy is one of them becau‘?e for a particular age a the corre«pondiijg value of 
this function may be said to give the probabihtj of reaching at least that age I 
did not w ant to giv e my function vj any one of those names because of the particu 
lar conditions under which <p has been obtained namelj the assumption of the 
idealized environment The purpose of this assumption is to 'teparate environ 
mental cau^^s of the termination of a certain state is much as possible from ge 
nctic ciuces Life expectancies usually refer to a given environment with all its 
particular hazards. 

Let me bneff> discuss some other properties of the mtnnsic life function 
Hrst of all It may bo argued that this function may assume different shapes at 
different times In other words should be considered not only os a function of 
age alone but also of time 

= (10) 

This IS certainly true On the other hand my somewhat idealued -^tup m order 
to establish <8 would permit me to as&ume that the temporal changes of ^ would 
be small indeed during the sojourn of an element in the rtate under comideration 
Hence, if we measure time t in multiples of maximal durations Domi , of this 
state I propose that 

d>fi 

0(l/D^.) * 

or 


(II) 


Since it may suffice to observe not too manj ^nerations m order Jo cstabluh 
<f> the temporal variations of this function be neglected in the following re 
marks, unless particularly referred to 

Two other functions may be directly denied from our mtnnsic life function 
One indicate* the absoluie loss of elemeots at a particular age and is given b> 


5(a) = 


da 


( 12 ) 


Multiply 5 with V# and jou Ivave the number of elements lost per umt time at a 
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given age Figure 2b sketches i as demed from«» (fig la) Since “the number of 
elements lost at a particular age, a,” means exactly the same as sajang “this is 
the number of elements that were mamtained in this state until they reached the 
age a, at which they disappeared,” the function ^ presents also the percentage of 
elements having a certam duration D, if the abscissa is marked D instead of a 
In other words, S gives the duration distribution The most probable duration 
Dp IS found, of course, where this function has a maximum 

The other function we may derive from ^ indicates the relatue 10'S of elements 
at a particular age and is giv en by 

#.(„)_ (13) 

¥> 0<J 

This function is sketched in figure 2c, and, ‘•incc we will soon discover its impor¬ 
tant position in our population theory, I shall refer to it as the ‘ intrinsic loss 
factor ” flv repce'^ats the number of elements lost per uni t tune at age a, divuied 
by the number of elements having survived at this age * From this and (13) we 
see at once with (12) that 

(U) 

•p do 

1 e, the number of elements to't per umt time at a giv en age Clearly, the number 
of elements lost per umt time for the whole population is 

In<«rting into (13) the expressions for 0, and N, from (13) and (8), re^pectiv elj 



=» - JV,(0 - I) “ ^0 


That means, that in our artificial population the total losses per mat time are 
equivalent to the ' newly bom, A'o ” This should not surprise us, because this 
population v\as made up that way, by constantly feeding congenerate 'samples at 
the rate No into our idealized env ironment, keeping the sy stem in a steady “tate 
Before concludmg the discussion on the congenerate sample, I would like to 
say a few words about averages One wc mentioned already, , the most prob 

able duration of this state Another average, the “mean duration,” D, is usually 
found by calculating the area under the v» function and constructing a rectangle 
with '=‘ame area and umt height (fig 2a) The length of this rectangle reprc'cnts 
the mean duration 

D = J (ifi) 

• t clo«e relative of this fuDCUon >s known as ‘ mortahtj ’ There are ho«e>cr subtle 
differences bet’seenffj aod mortalitj, nbicbadlnot be di cussed here 
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(17) 


„eliateMath(8)alid(10) 


jV = H>D . 

w do ely apprommated by a rcdanele, 

. _ 1 n < o < D 


(ISl 


, = 1 0<a <D 
= 0 D < “ 


( 19 a) 


and 


(19b) 


n * Dp =® ’ 

1 me late This assumption niay. m "O™ ’ 

rmally.I''‘>“‘'i‘''^®‘°® 

cient” 


£',VJ)do 

"T^ 


( 20 ) 


,1,* can casdl 

Wehaacdiscusijdtheprope^^^^ "“"''"Chte il rfiall tun. 

our attention and Mluehdnplaja 

discu&acd 


B Conicmporery Samfli: (^^^rgenumlierK oldenieiU-s 

.Usumo a population ‘ ^„„n a sample con'i'ling o j p<,pu- 

instant no n proper apre-d • - ^ f „„ hn a 

that this sample may “o , coUtctcd at the s-ini , , _ technics, 

Ution Since all elements toe^l«"j 

“contemporary sample eealm ot real ekmints ot 

tins ^mpling dreads by propo mg to 

I am going to Icay e t age, an ^ ^ a fhe 

t“:.s'sJ!S^-crsrarrd™- 

sr.he tXg " 

but.on”D.Mdingtlii-e uumlara 
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age zero, we am\e at a function <ff nhich is the counterpart of the intnniic life 
function discussed in the prenous <«cfion 

( 21 ) 

This function ^ I call “apparent a^ distribution function,” a ‘omewhat arbi 
trary “ketch of nhich is gi\en in figure 3 
/ Two things about ^ ma> bcsaidatonce First, there is no reason whj thisfunc 
tion “hould di“plaj only negatn e slopes, as is the case with the intrinsic life func 
tion [«ee Equation (9)] Since reflects all environmental influences which may 
have acted upon our population in the past, its shape ma> be quite arbitrary 

( 22 ) 

da > 

Second, there is no good reason to assume that, if after a “hort time a second 
sample S' istakenfrom the original population 31, this second “ample “hould give 
exactlj the same age distribution a» the first one In other words, we can not 
neglect temporal changes of ^ as we could with v> 

^ 0 (23) 

Hence 

S.ia,t) = Vo(l) Ho 0 (24) 

It seems that with this expression we have arrived at a dead end in our “pecula 
tion». 2sot only that we introduced the unrealistic m^peclion of elements with 
reopcct to their age, instead of inspecting them with respect to distinguishable 
subatates Moreov er, the whole situation seems to go out of hand due to the ad 
ditioual comphcation that was brought about b> introducing time as another 
iiaat> variable B> raj pomting out this difficulty and b> mj proposal of how to 
resolve it, I have arrived at the core of ray presentation 

Instead of giving up at the point where we mav observe temporal changes m 


¥ 



Ftc 3 —Apparent age di«tnbutioa functioa for a contcenporarv sample populati 
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No{^,a) No{^*At,a) 




(0) (b) 

Fjo 4 •—Temporal change of age distribution due to aging and cnvironmeBtal looses 

our sample population, wema> ask "Wbatcaii \\c Jeam from such fluctuations’" 
In order to folloit uith greater ease the subsequent reasoning, figure 4 may be 
consulted Figure 4a is a sketch of an apparent age distribution as it may baxo 
been obserted at a certam tune t Sketching it as a siepfunction is irreletant to 
the argument, and sertcs only to facilitate recognition "Nou suppose while wo 
let a small time increment At pass by, nothing would happen to the elements, 
but the elements grow older by a <iDan age lOCFement la This is to say that 
the age distnbution Ns(t+M,a) at titae t-h&t (fig 4b) would be the same as it 
was at tune f, if exerybody were la younger 

Ntii+HfO) «> iY,(<a“iia) (25) 

Remoxnng the idcahzatiou e\prei*cd m the abo\o equation and returning to 
reality, we can recognize at once two factors tbit ha\e acted upon our popula¬ 
tion while it was exposed to the world for a lime increment 11 One factor is the 
hss sge ^Ax? ixi^^sKv hsf nhit? 

la, as discussed before Hence, we should subtract from the right hand side of 
Eiluation (25) at least the intnnsic loas N.Btla At the same time, however, we 
should account for another factor, namely, the losses that each age group may 
suffer from environmental interaction Infroduciug an "environmental loss co- 
cfBcient” 0 ,, m analogy to our intnnsio lovi coefficient fi,, Equation (25) be¬ 
comes now 

iV,(e+Af,a) = NM,a-la) - A'.fiAa, (iO) 

where I have combined 0, and 6, to a compound lo53 factor 6 

9 ^ e,-he, (27) 

Expanding the two cxpre>^ion& of Xm around £ and a, we obtain 
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.V.((+^,a) = + ~ A/ + 


Nait,a-Aa) = Ar.M - ^Aa + 


Inserting these into (26), neglecting higher poiiers in Aa and At, and realizing 
that Aa — At, ne arn\e at the important concluaion 


60 61 


(2S) 


lu order to gi\e a complete appraisal of this differential equation, much more 
should be said than I could posaiblj sa> mthisarticle 1 nould hLe, hoiieier, to 
mention only a few pomts that may illustrate m hon manj wajs this equation 
can be put to use to help us in analyzmg our data bncf explanation in n ords 
of the meaumg of the abo\ e equation may help to get the&e pomts across 
Let us consider the folloning experimental situation \t subsequent time m 
terNalsto.h contemporary sample populations Y, Y', A"' 

are collected from the population 2tl under stud> In each of thc*o sample popu 
lations an age-group count V,, Y/, A',", Y/" is made Thc«e data can be 
recorded in tno different ua>8 Fir«t, one may plot the apparent age distribution 
observed at different times /,, *is discussed alfcad> in great detail This uould 
lead to a representation as sketched m figure oa, uhich is denoted A«(/,, a) 
Since along each curve the parameter * time” is constant, slopes on these curves 
represent dY«/6«, the first term in Equation (28) The other nay to repre^nt 
the data collated in our experiment consists of plotting for each age group a. 
the number of elements os a function of lime Tins would lead to a represeuta 
tion as sketched m figure ob, which is denoted Y«.(/,< 2 .) Since along each of 
these curves the parameter “age” is constant, «]opes on the«e curves represent 
6V,/5t the second term in Equation (2S) Hence, the ample vvi'dom underljing 
the Differential Equation (28) is that the sum of the vanations of elements lo 
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Fio 5—Two waj sot representing l«xipof»lv»naliona of age distnbutioM (a) for fixed 
tune, number of elements are plotted against age, (b) for fixed age number of elements 
are plotted against time 
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eaeli age group with respect to tunc as well a* age ts equivalent to the total gain 
m elements of this age group * 

The first point that I could make of how to uae Equation (28) to help us m 
the interpretation of our data would refer to the expentneut just discussed the 
compound lo^ coefficient 0 can be determined by graphical or numerical methods 
apphed to our data Calculatmg the slopes* in both representations (fig 5a, b) 
and adding them up we find —fl(o, t) Depending upon whether we have a pet 
plulosophy concermng mechanisms determuimg either 0, or 0,, it is po'ssible to 
detemune either 0^ or 5, by merely subtracting the assumed function from the 
observed 0 

It also should be pointed out that Equation (28) establishes a connection be¬ 
tween our intrinsic life function and the apparent age distribution iV„ L^mg 
(27) aud the definition of 9, (13), Equation (28) can be rewritten 


iVa dt //a 0O * >fi do 


(29) 


.(Issunie that our espenment would have shown (hat 8NJdt » 0 llus would 
have become apparent by the observation that the curve** Ng {i,a ) (fig obi 
turned out to be just straight, horizontal lines Such a situation would indicate 
that our population 3113 m a steady state Under these circumstances E<iuatiQ» 
(29) can eauly be integrated, giving the connection between and ^ directly 


•fi ~ '4' cN-p 




(■iO) 


Remember, 4' has been obsirved ( 4' =* hence if could be established if 

the environmental removal aiechauism of elements 9. is understood, or vice versa 
The most important message of Eijuation (30) is that if, and only if, the env iron 
mentallosscoefficient vani-dies for all age groups (9, =* 0),f intrinsic life function 
V and apparent age di&tnbution function 4' liccomc equivalent 

•p ~ 4 ) 

This IS to say that if <p is assumed to be cqumvaiit (Equation 19), 4' ''id 
eqmvnvant only, if no fatal” environmental mfluenccs on individual elements 
are exerted as long as thej are m the state under consideration Siiould environ 
mental influences occur, aud eqmvivaucy of v is po'-tul ited, we liavc with (10) 
and (19) 

= e\p 0<«<D 

= = D < a 

Putting It differently Ifequivivancj of ^iJ.po--tulatcd, three lji>ic assumptions 
with rc'«pcct to the popuUtiou as a whole have liccii made Thej ire (Uslcid^ 
btite, (2) v> Is equmv uit, (3) no cmironmcufol io-*ecs 9, =« 0 
Oil the other hand, if a particular removal mcch uiiMn -eems to luve ittrictive 


* Gsm ta Rcgjliva of course 
1 9, la to be a coniintivua Umclton 
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pLnusibibty, ^ can be obtained at once, if a steady state should preiaii and i\e 
have some idea about if Let us take as an example a removal mechanism that 
Mould act randomly on all elements, iiTe<:pecti\e of their age, number, or other 
properties Tins implies that fi, is a constant 

fl, = A (33) 

Furthermore, let us asoume, for simphcity, that f n* equnivant Since Math 
given the integration in the exponent of Equation (32) can be carried out mc 
have 

iA = c^*, ^=1, Q < a < D 

(34) 

^ = 0, f = 0, D < a 

If m this example X is sufficiently large (strong cnvuroiimental interaction) such 
that 

e “■ « 1 (35) 

there Mould be a verj small chance indeed to ever detect the cutoff of the tail 
of the c function at a = Z) Hence, the lutnusic duration D of elements in such an 
environment would escape notice The calculated mean duration of elements m 
this environment is m accordance with (16), given by 

D - TiMo - ! (I -«■“’) (30) 

Jt X 

hence, Math approximation (35) 

(37) 

That IS, the calculated mean duration turns out to be the time constant of the 
removal mechamsm, and Me arc left m the dark Math re’^pcct to the intrinsic 
duration of the elements outside of tius hazardous envaronment Whether or not 
this example ma) «erve as an illumination on the controversial attempts to de 
terimne ‘ life span” of white blood celts I must leave to physiologists Doubtless 
once m the bloodstream, thewhitc cell does not enjoy an easy life It is conceivable 
that it rarely sees its end due to mere aging after a natural life span D The life 
spans ' M e usually measure may ’oe Vhc time constants oi the remov at mechani-m 
which m turn could depend on many external factors On the other hand the 
red blood cell, with its smooth surface and it^ being small enough to easily pass 
through the capillary bed, w lU be httle affected by cnvaronmental hazards Making 
the same assumptions as before with respect to steady state and mt^n^lc life 
function, but wath the one difference that X should be sufficiently small (weak 
environmental interaction), such that 

-XD, 

we obtain at once from (36) the mean life «pan of such a cell 

Z) = 1(1 - (1 - AZ))) 


(38) 
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hence 


D = D (39) 

That IS the calculated mean duration turns out to be the mtnusic bfe *pan 
of this cell and the euviroumcotal remoinl tnechauisni lias no chance of Jiom' 
ing up 

Again I leaie to ph} biologists todecide whether or not tlus eNamplemaj bene 
as an illumination on tlie successful attempts to detenume the life pin of red 
blood cells ^Vhat I want to stress here m the^e bomewhat o\er-JinpIified eT 
ainples is the point that howeier we want to turn our problem certain as¬ 
sumptions about the mechauisnis intoUed hate to be made m order to make up 
for our Ignorance of parameters which ore necc«sary to make complete state 
ments about the populations under considerlUon Smee the physical aspects of 
these mechani«ms can be studied m some mstauces guesbcd and in most ca es 
tested I propobc to discuss these processes whose comprehension would re ohc 
many a mystery I shall try to cbnfy this at the end of my paper In order to 
make this chapter on population samples complete I hall haie two points to 
make 

The first of these points lead» u» back to oiu* fundamental partial dificrculiai 
equation (28) I wwat to mentiou bnefly that such difTcrcntial equations generally 
cau be 8ol\ed tVilhout going mto the matheraalica! detail I present you at 
once with its solution 

Vfl - exp 

At first glance this may look fnghteniog but closer inspection rmcals that the 
factor in front of the summatiou sign is already known to ua It is Equation (JO), 
only that 1^18 expressed throughia instead of the other way around SmccEqua 
tion (30) was found under steady state condition the infinite sum must repre 
smt the transients that the population will undergo if steady state conditions 
are perturbed or permanently remoaed Indeed one M?es time appeanng in 
the exponent which indicates that the effects of these perturbations wiU die or 
grow exponentially with time depending on the other parameters X and C^ in 
this e.\pre Sion Their i alues will depend on the initial coaiiitions and on (ho w ay 
m which new elements are introduced into the population Tins bnngs me to the 
JiCcond point I had to make in onler to conclude this chapter namely the pro 
duction process 

bp to now we only mentioned the losses a population may suffer but we were 
not concerned mth the question of bow this population ma\ “u t un itself There 
are three ways by which element^ could be fed into a population 

1 By feeding iiewbonis from an out ode source (precurser) into this popuh 
tiou at a rate of F elements per unit time 

2 By feeding elements from an outside source of a particular age jpwup mto 
tliD appropn ite age-groups of this population (reJea'c after bcquc iralion) This 
howei er, can bo managed by os^ignuig to our cur ironmcntal Io-nS toelficicnt B, a 
ncgati\e\alue 

3 By generation of off pniig 



398 


XLNETICS OF CELLUU\R PKOUFERATION 



If \\e define a generation coefiicieut” y as the number of elements an element 
may produce ^^hlle m a particular age group the number of elements produced 
by all elements of the population per unit time is, under steady state conditions* 
(fig 0 ) 

A'. = j^N.yda. HD 


Since the production capacity of elements of different age may \arj, the genera 
tion coefficient is assumed to be a function of age y(q) Although, on a more 
phi'-licated IcncI, one should consider y to be a function of time too, 7 ( 0 ,t), ue 
may pull the ^me argument ue made prcMOusIj for the intnnsic life function, 
and neglect temporal %anations of this quantity 
Lsing *V, = and applying (30), the «-teady *4ate result for Equation 


j Yp exp J" P.</a^ da = 1 


(42) 


Since this c(}uation is obtained by assuming «tead> '•tate, it may as ucU be m 
terpreted as a condition uhicb the three population-dctermmmg factors (I) 
mtniisic life function p, (2) cimronmental los.s coefficient 6,, and (3) generation 
coefficient y, ha\e to fulfill in order to secure ‘•t«id} state t The importance of 
Equation (42) may l>c seen m the fact that for a population of elements chanc 
tenzed by their mtnnsic life function p, the ennronmenlal lo»3 coefficient B, and 


* For Donstcad^ state conditions see Appendix \ 
t Steady state conditions for particular cases are giten m \ppendix B 
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tbc generation coefficient >—e^j>eDtjall> an tninnsic propertj *—iia\ e to be 
propa-ly tuned together according to Equation (42) to guarantee stabiiit> of 
the s>stem 

A ‘Simple example maj illustrate this Let us consider an lutnnsicaJiy equm 
iTint population with random external losaaoda production capacitj indcpend 
eut of age 

(a < Z)) 5 ? = 1 y(o) = Y 
(a>Z))v> = 0 tf.(a)=X 

rrom Equation (30) ive find it once the apparent age distribution function 
^ = e 

and Equation (42) tells ua what ralue y lias to assume in order to guanntes 
steady state 

y J da =* I 

or, after integration 

yU - r"*') = 1 

If we‘'peculate agam about the influences of weaker «trong remosal mcchaiu«m« 
on the choice of 7 , postulating “teadj stale, ire find, U'lug the prenous approxi 
matious 


weik (XZ)«1) y^}/D) 

strong (c <3C 1) 7 « X 

Tlut IS, if this population is expo"^ to a strongly acting ctuaronment'il remo\ al 
mechanism, the production rate has to adjust itself to the environmental dc 
mands If, however, the enviroumental influences are weak, it is onl3 noccs^ari 
that the product of the two intrinsic properties Df is unitj 
Tlic upshot of this sjction on population <^mples pre.y;iit 3 us with a dilemma, 
brought about by our attempt to dome the duration of ‘^ubstatcs* by counting 
the number of elements in thesie states, the duration of which could lie found if 
the age distribution were known—which, 111 turn rcrjuirts the knowledge of the 
duration of tbc substates One wa^ out of this dilemma would be to design ix 
penments m which state durations could be measured directl) w^tho^t reference 
to the number of dements counted m these ■'tattj* Thw scans to Ic id to almost 
iniiirmomitabledifiicuUie^ Aiiotherwaj out utohvpothcsizt alxiut ibcappamil 
age distribution function yf/ \swcknow already, ait> h^-pothc^is regarding ^car* 
nra implicitcly three other hypotheses along flr-t, we have to issumo ‘-(c.id> 
state, second, 0 bj pothc'is about the mtnniac hfc function ha* to lie nude, third, 

• \ mote general ireatmcnl would make tiie generaltou cucfficirnt a tunction of co< 1 
roumcntal condiUoiu Smee thc'C could change vnUi time we houl I ha\« l) Fufilet 
more it mav be noted that m »cxualt> reitroducingpi^iulatioru y “‘ddej'ond «a ite araij 
ability of inatca Lenco y (“ O «) 
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Me ha\e to suggest a particular removal mechaiusm Since under normal condi 
tions steady state seems to be a generally accepted feature of our cell popula 
tions I propo'O to studj the effect on these populations caused by different 
assumptions about the removal mechanism postulating as a first approvima 
tion mtnnacally et\um\ aut elements As I chall how different reraov al mecha 
msms are reflected m the Maj populations return to their «tcady state after they 
have been temporarjli perturbed These na 3 s can be observed by countingele 
ments in certain 'lub^tates as a function of time The ev aluition of the'se functions 
Mill produce additioml information not obtained by the previously di^cusacd 
methods of ob'^n ation 


Equilibblv 4ND Pertciujvtions 

tisually one distinguishes* three kinds of equihbna sstability neutrality and 
mutability 

1 Stability 13 observed if a ‘'jstem pov-esaes at lea«t one preferred state S* 
to Nvbich A vm\ 1 letom after a ieropoTaiy peTtoTbation has been Temov ed 

2 Neutrahtj is observed if a s>»tem will evenluallj reside m an^ one of its 
accessible 'tates S after a temporary perturbation has been removed 

3 Instability is observed if a system will never reside m any one of its acces¬ 
sible states S after a temporary perturbation has been removed 

The first tw'o equilibna are usually referred to ns steady states making proper 
reference to the temporal invariability of tbc'e States saenfiemg however the 
important distinction between «tabihty and neutrality It is ]Ust this point which 
will allow us later to distinguish between different kinds of removal mechamsms 

Presently I would like to give a short description of the various methods m 
which our populations can be perturbed I shall distmguisb again three different 
kinds parametnc selectn c and random perturbations 

1 Paramelnc Perlurbation 

In Equation (42) we have presented an important criterion for a population 
to be m a steady state Since this equation comiects the three parameters y 6, 
and 6 — in a particular way these parameters have to assume cer 

tarn values m order to satisfy the steady state condition Suppose a population 
13 in a «teady state but suddenly one of the parameters 7 0 0, is changed 

Clearly the '■teady tate conditvoo is -now violated sacb a violatiDn 1 shall call 

1 parametric perturbation If a population is permanently perturbed in this 
w ay it may become unstable unless at least one of the three parameters is non 
bncar, that i» it is dependent upon the state of the population and thus wall 
vary along with the variations of the population until—under certain conditions 
•—it wall assume a v alue that again satisfies Equation (42) and a steady state is 
secured again 

2 SeUciiie Perturlalion 

With this term I would like to describe an interference with the steady slate 
by which in a specified way elements are added to or removed from, ludivadual 

* For finer po Qts of Uisticction see references 1 and 
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nge groups One w ay of \ isualizing this is by assuming an artificial remoi al mech¬ 
anism 6,* at work, producing for a moment an artificial age distribution func¬ 
tion ^ * Since none of the parameters &t, , r Ims been changed, the popuU- 

tionwilleventually resume a steady state Tlie important question, is this 
“^tate?’’ can only be answered if the three parameters are known On the other 
hand, if a\c are able to observe the new equilibrium after a given perturbation, 
statements about the parameters can be denved 

3 7?aadom Perluri/alion 

This IS a special case of the perturbation just divcus'^ed Since no preference 
with respect to addition or removal of elements to or from certain age groups is 
now assumed, one may imagine an artificial removal mecliamsm temporarily at 
work, which is the same for all ages, hence, is a conrtant, independent of age, 
and the resulting artificial age distribution function is proportional to the one 
obtained at steady state Since none of the parameters $,,&t, y, has been changed, 
what has been said before with respect to the future of tins population is appli¬ 
cable here too 


Transients 

I liope I was able to make clear that m order to make a complete description 
of the fate of a population in a certain state, three mecliamsms have to be under¬ 
stood. generation, intno^ic life function, and environmental removal mecha¬ 
nism In the difficult task of detcrroming these throe functions separately we 
are aided by the observation that if a steady state should prevail, thc«c functions 
are not arbitrary, because they Iiave to pass two check points One iv givcu by 
Equation (30) 

^ = j (30) 

which links the observed distnbution function with the intrinsic distribution 
functioii, if the environmeiital removal mcchautsni is known The other one is 
given by Equation (42) 

^ y^da = I (42) 

which puts certain demands on the generation coefficient y This leaves us still 
an ocean of functious to choo^ from, unless we add further restrictions on 
some of our functions m order to study the effects on our populations c msed by 
particular choices of those mechanisms about which we are still free to speculate 
If the insight we hav e gamed by applying this stratagem turns out to be relativ cly 
unaffected by the choice of our xestnctions, this method of attack may liav c some 
merit 

One of the restrictions I am tentatively introducing is intrinsic cquivnancy 
Thispulst?= Iforallageso < i>, and it was already pomted out that thJ= may 
not be too wild an assumption We are now free to speculate about y and ff,, 
w here—among the tw o—our ideas about the production mechanisms -ecra to bo 
less obscured than tliose about the removal prowisses There are m our case estcn- 
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tially only two ways of production to be distinguished proliferation and 2-dm 
Sion Although combinations of these two types may take place where cell 
populations characterized by particular states are «patiallj m clo'e contact 
(jiimpmg of intermediate diva-tons, diiasions during differentiation, etc ), tho«e 
cases I shall tentatn ely dismiss m order to get the essential point* acros* Ha^-mg 
postulated mechanisms of generation, we are now free to speculate about re- 
moml processes separately "pcculatmg’ I mean that we maj ask about 
which of the many eniironmental factors may be responsible for a premature 
termmation of a particular «tato m which our elements reside B e may cite 
pressure, adhcsiie forces, temperature turbulence, chemical agents phagocjto- 
sis, etc UTiateii er these agents maj be, I propo-e to separate them into two 
major classes One, where the entHronmental agents will act on our elements m 
an accumulating fashion 

A) 5, = F(a) (43) 

that la, the enuronmental hazards ’ will be a function of the time the element 
IS exposed to these hazards, the other one, where m addition to enviroumental 
factors the \ery prc'ence of the elements tbemsehes influences their sjjourn in 
the particular state under consideration 

B) tf. - <7(a, \,) (44) 

Lnfortuuatel>, the m\ohed mathematics does not permit quick proof of what 
I am gomg to «ay namel>, that by making this class distinction we haie at the 
same tune divided the ensuing populations into thos: that will dupla> the chanc 
teristica of a neutral equilibrium (\), and tbo'e that inll vhow the feature* of 
stability (B) 

In order to demonstrate the'«e properties in two somewhat artificial examples 
I ma> refer to figures 7a and 7b Plotted here i* the lime^up=e of the number 
of elements in the zero-age group for the two different kinds of populations which 
ha\ e been subjected to exactly the same ^elective perturbations 

In figure 7a, a population of type (A) with characteristic parameters 

(a < D) ip — I y — y *= ^io) = 0 

IS mituiU> composed of a Imear age-dutnbution, m one case watb man^ oldster* 
and few y oungsters (sohd Ime), in the other case w ith man> y oung-ters and few 
old-ter* (broken line) UTien the artificial restrictions that keep the population 
m this state are rcmoied, the population will approach different steady states 
depeniiuig on its previous histoiy 

In figure 7b a population of tj-pe (B) u» initially selectivelj perturbed cxactlj 
m the ‘ame waj"* as m our prciiou* example The characteristic properties of 
this 2-dindmg population are 

(a < D) == 1, T = 2«,, = i/D, 

and we '=ee that, as time goes on, the two different imtial perturbation* qmckl> 
disappear, and the population approaches a particular steady *tate which is ui 
dependent of the prenous lii*ton of the population 
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Table 1 


AMumpt os 1 

Inb ns calljr Equ ivsnt 2 D dwg Elements 

#-l (.<0) ,, 

Eovironmental Loss ; 
Coefficient 0. 

8, “ Cm' 

0. = K.o'V. 

Kind of Equtlib | 

neutral 

stable 

Equilibrium condi , 
tion 

(n + 1) In 2 
i)«+i 

, n + 1 

\pparent Age Dis 
tnbution Func 
tion ^ 

^ - 2 <* » ' 

i + 

Total Number of 
Elements A 

N - 4JVJ) 

N •>. tD 

The Coefficients 
and 

' J 

1 ij.- T— 

;o 1 + *• 

Removal Produc 
tion \p 

' 2i)A. 

2A, i)*« 


Gia, No) « A..a*iV. 


Listed IS their resulting apparent age^listnbution function and the necessarj 
equilibrium condition if 2-dmdtng elements are taken as a basis The last line 
called Removal Production” gives the rate of removal of elements from the par 
ticular state, nhich is characterized by properties just discussed Since removal 
from this state could mean prohferation into a following state this double name 
seems to be justified 

The freedom of choice of the exponent n offers a wide v anety of particular age 
distribution functions within these two famihes of populations To mention only 
two quite popular coses a neutral population will follow an exponential decay 
distribution if n = 0, but Gaussian distnbution will result if n = I 


71 = 


0 


'f' = e~^, X 

r — »>* 

r ^ f 



= a 


Finall>, I would like to draw > our attention to the possibihty of rapid changes 
in the ‘ removal production” of a stable population if parametric perturbations 
should occur ^\e have from table 1 
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^p- 


2K,D'^ 


(45) 


'file most ob\ious parauictcr that nia> clunge is D, the duratjon of the state, 
and if tbw la tlic last gczicratiou before maturation and ddferentiation, D is the 
hst geueratiou-Umc ^ The rekti\e chioge of the production of this state ^rith 
rc.-pcct to a change m gcncnition-timc is 


1 diVy_ n 4- 1 

dD D ' 


(46) 


uhich might 1)0 quite formidable, since D is relativelj'^ short Such a parametric 
perturbation could be produced b 3 ' some D regulating agent 


SL\iM.\in 


I hope that these fen example-»ha\esencd as a stimuJus for further ONploita- 
tion of the theoretical outline I hate tned to sketch Oo the other hand, I hope 
that llictc examples liax e not distracted from the central theme of m\ argument, 
namely, that ui order to furnish a complete description of a populatjoa defined 
as elements in a cerlam state, it is necessary to specif> three parameters that 
are all functions of the age of Uicic elements natb rc'pect to the state under 
coiiiidentiou. Thc*c functions cannot be obtained by counting elements nhile 
the population is in a steady state Howetcr, by introduction of perturbations 
the true nature of ssme of the parameters ma) be retealed Once m posoes«ion 
of the knoNsIedge, at least of tbe fuuclioual structure of thesi par^imeters, not 
only nu absolute timc'<;cale for all sub'^tates of particular states can be estimated, 
but also an insight into pos'iblo phj'sical mechamsms has been gamed, ubich 
Mould permit tbe construction of pb>i.iologic models 


Affendk a 


Popufattons in Transient 

If a steady state does not pre\ail, the number of elements in the zero age-group 
at time t has been produced by the population one instant dt before this time 

yNM—dt,a)da> (Al) 

Similarly, the population at time t will produce a zero age group ob^r\able an 
instant dt later 

N,{1 + rf() = 11fM, o) <U ■ 

Espaiiding iVc(f -f* dt) and Naii~dt/i) around t and subtracting (Al) from 
(A2), ne obtain 
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dNt r 5Ar. . 

-jT = y. 

(A3) 

Utibzing (28) 


(A4) 

The relatu e rate of change of iV* at a gi\ cu time i has been reduced to properties 
of the population at that tunc With graphical or numerical methods the time 
course of A^o can be determined step by step Today, of course, such problems can 
quickly be soh ed with the aid of high speed analog or digital computers For 
further mformation on populations not m steady state see also references 4 and 5 


Appendix B 


Steady State Conditions for Particular Cases 


1 General 


(Bl) 


(fL 

(B2) 

hence, with (41) 

j yif' da = f c.V* do = 1 

(B3) 


2 2-dividing population 7 ** 29, 
From (B3) with ^ we ha%e 


3 EquiM\ ant population 


2 j Bel’ da ~ j 9,^ da •i' j da 

J Bi^da = J 8,'f'da 

©lo.. + 


(B4) 


(B5) 


Steady state. 
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thus 


^ da 

4 Eqmvivunt 2 dnidjngpopuJaliw) 

Steady state 

I d,^rfa + ^(Z)) «2^(D) 

Je 

mill (BO) or (DS) 

«« = I 


(B7) 


(B8) 
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Dyuamics of Cell ProUferalion and Isotope Incorporation 
into Deovyribouucleic Acid 

By Deultoios A Rio is 

^HE RATE of isotope mcorporabon into deoxjTibonucleic acid (D\A) his 
been used frequently m recent j ears in attempts to den\ e estimates of the life 
«pin of cells Hoiieier, the mathematical methods that haie been used for this 
purpose are only approximate and ire based on the assumption that a steadj 
state la maintained ‘ ‘ * A more detailed annljsis of the kinetics of exponential 
proliferation m iihich no cell death occurs, and of the kinetics of the steadj 
state, together with the use of the equations derived for the determination of 
the life spin and of the generation time of cells, hav e been de«cnbed * 

The analj sis that i* presented m this paper is a generalized theoretical tre it 
ment of the ceh proliferation problem, which taVes into account the effects of 
V anablcs that may cause groulh, regression, or maintenance of a steady state m 
terms of the number of celU 

I Dtmmics op Cell Prolifer.vtion 

In the theoretical analysis of this problem, one can b>'pass unportant ph>sio 
logic and biochemical que'^tions, such as whether or not cells have the innitc 
ability either to div ide or to differentiate and die The important fact is that «ome 
cells may die while others divide again The probabilistic model whereby a group 
of cells formed at one time has a probability p of dividing again and a proba 
bility (1 — p) of dying la adequate for our purpO'C The equations derived on 
the basis of this model are applicable, regardless of the nature of the factors 
(innate or not, intracellular or extracellular) that bring about cell divi^iion, dif 
ferentiation, or death In this analysis, we S'hall refer to tho&e cells that divide 
again as celts destined to daide, and to those that die as cells destined to die 

In the gencrahzed nonatcady state of cell proliferation, it should be taken into 
consideration that the charactenMic constants that appear in the analysis of 
the steady state* vary with time The following functions thus enter this anal> 
«is 

P(,} = the probabihty that cells formed at tune I will ultimately divide 
again 

1 ( 1 ) = the mean generation time of cells formed at tune I 
j?(() = the mean number of cells formed per mito'is at tune i 
In addition, for the cells destined to dtitde which are formed at time 0, the proba 
bihty that they wiU not divide prior to a later time t, will be considered to vary 
not only with the age of the cells, i — 0, but also with the tune of their forma 
tion, 0, and will be represented by tru t *> Similarly for the cells destmed to die 
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^^Iuch are formed at time 0, the probability of s^r\^val up to tune t «ill be 
represented by the function <jnt~t »> 


A Gc7ierahi.ed Nonskady Stak 

I Cells deshned to dtvide The rate of formation of the cells destined to dmde 
ii» proportional to the number of these cells, P(c), which are present Thtb pro* 
portiouahty, howe\er, may change wath time, thus being a function «?<„ , i e, 


dP<o 

dl 


OttyPui 


or 


Integrating from zero to I, we obtain 


dP<o 

Pw 


ff(i> di 


( 1 ) 


P(,)=PoexpJ 


( 2 ) 


nherc Po is the number of such cells prc'^nt at zero time To express ff(,) m 
terms of p^j, If,), and g ,,), we resort to the following reasoning Suppose that 
the \alues of these functions at a time t remain constant from then on Lndcr 
these conditions the number of cells deslined to dmde, Pn+r that wall bo 
present at tune t + /<« is 


Pn+iiiii P<oP<t)9<o ** P<«» c*"’^*'* 

id) 

hi 

■ —iz~ 

Substituting in equation (2) we obtain 

(4) 

Jo /lo 

2 Cells destined it> die The rate of formation of thtsj colls, d Mui/dt, al-o will 
lie proportional to P(o and can be expressed iit a smu! ir way 

“ »«in exp /' dl. (5) 

dt J* J«) 

and after integration 

iu, - J/. + P. [ {exp [ <;<} dl. (0) 

where x1/o is the numlier of such eclU present at zero time To expre-ss Xu, m 
terms of p(,>, po> i And /(» , we suppose that the values of these functions at a 
time i remain conNlaiit from then on Thui we liaxe 

/ «+/u» 

A(rjP«» dtt 

where is the numl«r of such alb prf^Mit at time t + Ah wt'd 1 ~ Pm 

is the probability that the cells formal it time I will the wathout furtlier dni'ion 
Sub^tl^^tulg from (4) wc have 
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PcoSlod - P(o] - f. X,., {rap d| dt, 

and since pd), gi,), /(o , and X(o ha^e been assumed to be constants, we can 
mtegrate and find 

X ffujll — P(ol In [pinfffnl /^\ 

A(l) = - J—! -Tj- (7) 

Equation (6) gi\es the number cells destined to die which would ha\e been 
present at time I if there were no cell death If dM{t)/dB is the rate of formation 
of such cells at time B, and t o the probability that these cells will <qirM\e 
up to a later time f, then the number of cells formed after zero time and ‘^till 
present at Z is 

i 

If ij(() IS the probabihtj of survival of the cells, then the total number of 
cells destined to die, V<i) » present at time t is 

1/(0 — *'> 

and mbstitutiog dM(.i)/d$ and from (5) and (7) we obtain 

J/(o ^ Voij(o 

+ p f' g ^ -p...ltoip,.g.,i r'J (g) 

•'8 — 1| I 7{») J 

To find the total number of cells of both t>'pes. Tin =» Pm + 1/(0 we combine 
equations (4) and (8) 

B Nomteady Stale with Constant Characlenstics 
In this type of cellular proliferation « 7 (»), pw , and /(«) are constants (i e , 
independent of 6) and the probabthty of cell survi% al ^(i_(»), is independent 
of the time of cell formation 0 Thus they can be represented by g, p, I, and 
^(/ «>, respecti%el> Equations (4) and (8) then reduce to the following 

n,,-nexp!2-^l O) 

and 

U,„ = P. ( [o:<P .] (10) 

It would be of interest to know if the ratio I/<t)//*(« change' with time in this 
case ^^e observe that if r is the maximum possible life 'pan of the cells, then 
ij(o = 0 and for I — > t, n = 0 

I' [exp !!L^ ,] £ [exp ,] ^ 
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i^TO DEOXVMBOSCCLEIC VCID 

ISOTOrB l^CORPOB^'CW^ 

.1_^KcnrvntiOUS 


iwrorB ' 

n irnz these obscn-ntions, we obtain 
not bv (0) and utibnng these o 
Thus aviding equation (10) by 

lor I > >■. . r lB_^ ^ dt. 

Pin 1) " ,^hen I and 9 measured (rom the 

Moving the origm o! ‘“b „speet.iely. we have 

r ^ '-'’1 

remains constant from _ ^ ^ „„e “ b-ervatien) EquaUon 

lished at a tune earher tha , r^e time ot tot ob- 

tion conations pnor to ero «me P-\X<oi P e • 

(11) also demonslratea foUo^\s a para"®^ course orcliieration can 

Uonential course, since . lo Thus, \^cbai icter of the 

according to (9) « X^e, so that the t^P“"Xtn, cell death, 

occur even ^hen Mine o the possibility of ^^nch the 

proWeration »! «IU d«^ ^ tto 

prXnl^ristiesa^ep^^ 

-•'XrnntClbuTp^ 

~^T' 


I c , 


this c 


(12) 


Mw = Win-'f 


and 


/ \ (13) 

In (m) I 

/ w,rotcclU,rcspcc- 

u/„ dm and the total number olccl 

rrhere M. and P. are thn a,,rde again, then p - 1 

tively, that were P«f“‘“JJ^^ry cell m destined to divide 
It there U no ceU death formula 

and equation (9) reduces to the (14) 


In 9 

p„, = P.eiq> I 

C. steady Sale , cm-e ot the ptouous 

The steady state is “ .„e8ndPm -P"" 

Suhstitutmg pinto equation ( ). ^ 

lniw)_.^->0’ 

’^rildiis.ndctemiiiiatetormasfolto^ 

vrensel’HospitaVsruletoevaua ^ 


1/j. 
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KINETICS OF CELLELAR PROLIFER.4TION 


Thus, substituting m (10) we haAc 

1/(0 = !/(»(,) ( 15 ) 

/ Jo 

and if T IS the maximum possible life '«pan, then for i > r, — 0 and for t — 
® r, = 0 Thus using the same reasoning as in the den\ ation of equa 
tion (11), we obtain from (15) 

1/(0 = , 

which IS independent of t and was ‘•hown before* to be 

l/ = nkjrJ^, 

where L is the mean life «pan of the cells 
This will be true for all \alues of t if this t^iJe of proliferation liad liegun at 
least r time pnor to zero time We “hall refer to this case as pre-cstablisked steady 
slate 


II Kinetics of Isotope Incorporation mo tde DNA 


A Generalized Nonsteady State 

1 Cells destined la dntde Let Smu} and 9 («) be the mean specific activity and 
the mean DN \ content (expressed in terms of the element, an isotope of which 
IS used as tracer) of such cells formed at time 9 Then the amount of isotope 
entenng this compartment of cells during the intena] d9 is oii)Pniqt}Svm,d9 
If the probabihty that tbcsi cells will not divide prior to a later time t is xn i u 
and if the isotope is radioactive with a decay constant k, then the fraction of 
the i‘K)tope that was incorporated at time 9 and that wiU be pre<«nt in the°e 
cells at time I is aityPitiquiSmuje *V(j_##)d^ Integrating from zero to I we 
obtain the total amount of isotope present at I 

f tfmPif/laiSnui} T(»-4 t)dd 


Thus, the mean «pecific activity, Srw , of the cells destined to divide at time t is 

j (ri0)Pt0)qinSon$i e ***~*V(j_« tid8 


Sno = - 


Pv 9<i) 


(16) 


where jeo is the mean DNA content of the«e cells at time I Following similar 
reasomng we can deduce an equation giving 9 (i>, 


j <rmPit)Q «»■<«-« o>d9 
P^, 


(17) 


Substituting qio <r(„ and P(d from equations (3) and (4) into (10), we ob 
tain 
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(IS) 


Sr«) *-f* ^exp J J . 

ssiif^glSi 

at time t) is » a a(i-««). 

1 a t>m. 1 dun^B tta m.e-^■'' 

. nUese cells .h,ch<..Ud.«dcvt...- 

and the nuinher of th 


r ay<i-» »*_ tu* 
dP>'> 1 3(1 - »> J , ID 

, D-.. content of the ee-UP^fX' 

I, 5 „,.. the “Xrf those dcslmcd M *«. I"'" 

*„,d«and?n>tXaraee „„ (10) 


(imite nnd 9n> 

nallietamonthenverase 


( 10 ) 


Oil '"'l nenb to™fJ I’>>7 

The fnncuon ^ aell. 9o.. ',,,,,,„d at t.me I w ''ont P" 

the amount of D» ^ j nhieh is n ui lhe-« ■’ 

„„„„ates from ^ “X'd »' 
dation Therefore, the 

“1 


r (I "ISdi + 

^ r 2<»> - iurt^m ' 

Smn ihL specific ac 
.. * J,vcsic.il dcc^^y ''‘a 


kn s«m ihL specific ac 
f the precursor.. rihUiwl 

« the -pccific ictivit> o y,_,i Qjrcct)' lor m ^ amouu 

' ui DN zero to is it time 


C , the vpccitic •!»>*••*••' M«-t* corrccis for Ifio P'j\ total 'imouut 

tty X 

SPSS'S'*”''''’ 

I during the mte''-'' 


/ !■• 5rn-* *> 

JKt.i = \J, ■'-"-«' 


\J. "ST^ 
fes,.i..c-“''" + l’‘ 

VUO 


- 

h(M 


iid>9i<) 


1)^ ^('1 


4- U(t ‘If)'’’ 


n.i]‘"V,)‘l 


Til. refore, 
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Smin = 


dRt» 

dRii) 


\ Ja d(i — a) l,A(j) 




dPioQlo 


Sio + B(i)g(o-Smi)| dP(,^ dt 


where d/f{o = is the amount of DNA present in these cells Substitut 

mg <iP(o from (1) and taking ff(,) and P(o from (3) and (4), \\e ohtam 

{i{H + [^?<o + «co5(o5u(i) j 

r _ ( /''ilPiStoldsLf 

_ _ L — ^)J /<«> 1 Jo In') _(OQ) 

9C«) In IPcnJcol_ f‘ In fpmffio) j. 

ho ho 

Assuccung that the DNA of the dead cells is randomly rcutiUzed, and disregard* 
mg the lag of time between cell death and DNA reutibzation, we can derive an 
equation for 5u«> If o is the probabihty that cells formed at time d will 
survive at least up to a later time t, then the probability that they will die prior 
to time f IS 1 — 0(1 («) and the probability that they will die at an age t — 9 

IS 


3(1 — <Pu-* ol ^ «> 

3(t -0) " d(( - 0) 

Thus, if the number of ceZ/s datincd lo du which are formed at time 0 dunng 
the mten al dd is d 1 /(f), the number of these cells which will die at time t during 
kthe interval dl is 

If git) is the mean DN \ content of each of these cells, then their total DNA con 
tent is 

and the amount of isotope in them is 

where e”*'*”*^ corrects for the physical decay irf the isotope Integrating these 
two expressions from zero to /, we obtain the total DNA and the total isotope 
contamed in the DN 4 of the cells which die at time I Therefore the specific 
activity. Sum » of these cells is 



f' s^tt-tn, j'lnSmiii 

■1. 3(1-9) _ 1_-- 

Snn - r' S+(i^„',„dir<i, 

Ja SU-9> 

„ t„m(5)andtalang^(..to“'^^'■"'° ““ 

Substituting dMiii \ ( f* dA Smu) 

Jo ^<i>^t-^ I 

A( /. — 1 

Suio — ■ 
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( 21 ) 


Stiko ‘ 


dt . , ye formed at time t 

>,.,11 <.,P<»®'”'" up to a 'a*'- 

'<.. .a .0 r«t^"" “' ' 

tune f, then tbe Iractio 

p.„u.eutut..u,eUs 

, -... .. ,„„ects for the ^'■^‘‘"rhTcon.part-at/t Umc « 

totuf ^ouut o^^rr^pecSo uct.uty ^.u. • 

when dirided bj the to (-hi) 

I __ 

S3u, - i JiJSU compurtn'oot and 

,DNAcontentpcrooUatt.n.e..n«>- 

where 5io the mea 
is&i\cnby the equition 


Utt*" 

com* 
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30(O l/oBfo + « d 

U (0 


(24) 


where 511(0 is the mean DN A content at time t of the cells deslined to divide which 
were present at zero tune and arc stiU pre^nt at tune t Substituting q^), \i), 
P(*), and V(o from equations (24), (7), (4), and ( 8 ) into (23) we ha\e 


^•>1 


g(o[l - Ptilln Ipwgml 
/(•)IP(»)gW — 1) 


Sdio ‘ 


Jo /(I) J 

Sirtify g~***~^’^(l -0 «| 


' w .. , n /"‘gi*)!! — P(«llnfprt5iiil 

5 ”<»««»<» + 1. L.ip,.„,.-rw~- 


(25) 


{«p 




3 Both cell types combined The specific actiiitj Sgto of the DNA of the com 
bincd cell population, T {,) « P(o + l/(i), can be obtained by multipl>nng the 
amount of DNA present in each of the two ccU tjpes by its rc«pecti\e «pecific 
nctmty, and dinding the sura of the products by the total DN i, 1 e , 


53(0 


, f’(og</)5f«) + U(i)5(o5rf(o 
Bw'iin + 


^ C(o5r(o + Sd{ti 
Cw + 1 ’ 


(26) 


C<o 


^(Og<« 

(»)?</) 


•f’to > lf(o > 9(0 » 9<o » 5»'((), and Sdm arc taken from equations (4), ( 8 ), (17), 
(24), (18), and (25) 

A ‘econd approach to this problem is to con'-ider the mixed population of 
cells without subduiding them into two types Tlius, if dV(»i is the number of 
new cells formed at time 6, qmt) tbcirmcan DXA content, and^(i_» ?> the proba 
bihty that they will still be present at a later tune t (i c , that they will neither 
divide nor die pnor to time f), then follosnog the sawe reasoning as that used 
m the derivation of equation (16), we find 


j 5)n(i) d\i$)qatit^i$-4 »j c * 


(27) 


where qmo is the mean DNA content per cell at time / and is given by the equa 
tion 


j dV(i)5mi,^(t^ I, 


qni$) can be expressed in terms of 5 (i>, 5 (*), and p(i) as follows 
gnd) = + II — P(«]5(») 
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We obsene that dW«, = dP(n -f- rfV<o, and subAtdutuig from (1), (4), (o), 
and (7), we ha\e 

iv,„ = !? '!> ■ -ti I" P„ (exp /" M££5£“> jj 
7<<)u5(off(o “• 1) I Je /«» 

Substituting 5n(o diV(o into (27) we obtiiu 

Ssii) 


Equations (18), (20), (21), (22), (25), (2G), and (28) fehosi that 
(>(/-* *), I, caimot be obtained solol> from data on the isotope incorpora¬ 

tion into the DNA of the tno types of celb, since tbc&e equations can not be 
‘'olved unless thefunctiorisi 7 ^o , /(o ,p(i) ,«?(« ,qo(i), nw ,andu(i are known, 

and then they can be solved only through a change of vaniblt« bj placing 
t — 0 » I, which IS permisoible only if the probabibtics of survival and division 
are ludepcndcut of the time of the formation of the ceil 

B Nonsteady State with Conslanl Charactcrisltes 
The previous eciuatious become much simpler if gm a g, puj b j> Iu a /, 
ill) * 5<o * 2, 2 * 0(0 ® i(o ® $<o ® 2'. ^**<1 “(o ® t c t constants mdependeut 
of I, and if r(i-« t) and are identical for all generations of ccD^t -o Ih it wo 

can change variables by placing < — d « x and d6 »• —dx 
1 Cells destined to duide Substituting these constants and chinging v unabks 
as indicated above, we obtaiu from equation (18) 

•Sr(,) / fexp — rc.,dx 

" ^ (29) 

= |e\p “ 

Equation (29) is simplified for values of < > /m where /m la the maximum 
generation time Since r(,) » 0 for i > /w, wc have 

j^evp — ^ xj TMdx= ^ j^e-sp - zj r(,ji/x = ^ = constant 

Thus, eciuation (29) cau be written in the form 

*Srtn ~ j (30) 

which 13 a Voltcmi equation of the first kind and can be silvod for »{,) by the 
usual method'!, provided that Srm and &>i(o wf® known functions, 

Anahcntitive waj of sohmgcqu ition (10) is posiable if !>«{»-*} cau Ixi wnttcii 
m the form 


' 1] In L 

-n—2«'.n(e 

Pitffoi — 11 _L 

gn, - 1] In lp<t}g(hl 
'■ 1) 


[*hi , 
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5in(i_*) = 2/JldlT*!*) (31) 

Equation (30) then becomes 

iSr(i> = c 2 |®*P “ ^ Ti(fl’r{*)(£r, (32) 

which can be trausfonned into a hnear difTeFential equation through z successive 
differentiations and back subatitutions to eliminate the integrals m a manner 
similar to that used prevnously * I£ the cell proliferation had proceeded under 
identical conditions for at least /m time pnor to 2 ero time, then equations (30) 
and (32) are vnhd throughout the experimental penod The constants c and 
(In ipg)]/I may be evaluated by utilizing the observation that at t = 0 we have 
T(CD = 1 and [d'T(()/d/’]w = 0 This is because a definite interval of time mu«t 
lapse between two snccesRivc mitoses of any mU Similarly at t > fta, we have 
T(i) = 0 and [d‘T(,)/dt']i 2 /» = 0 If the characteristic constants of cell prohfera 
tion pnor to and after zero time are not identical, then we may proceed os fol 
lows Differentiating equation (29) m respect to I, we have 

j‘ [exp - ,] + s„„ [e,p _ !!LM ,] 

= ( ~ ru,dx 

+ |exp - [l + ] (} , 

and since Snut-i) ^ 0 we can vvnte this equation in the following form 

lo(p5) 1 (33) 

This IS a homogeneous integral equation the general •solution of which, T(i) = 0, 
13 meaningless* If, however, Srut and <Sm(o can be determmed experimentally 
and. thea equations ate found to desenbe them., it nuxy be possible to find the 
etgenialues and the eigenfunclionz of this equation and then to find an acceptable 
general solution The evaluation of the constant [In (pg)]/I can be done from 
the equation of tu) and/or its denvatives by ob'crviug that if i = 0, t<o) = I, 
and [d'T(,)/dt J«_o = 0, and if / > /w, x<«) = 0, and [d'T(t)/di']izim = 0 
.itn alternative way of •solving the equation (29) is possible if Smu-,) is of 
the form given by (31) In this case, we ma> proceed as in (32) 

Similar!}, e<juation3 (20), (21), and (22) reduce, respectively, to 

Sm{o — [5m(i_i) c + [(1 — ti)A — llS<o 

+ JuSumI j^eip - [-^]•i'. 


(M) 
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J ■Sm,. ..i|exp-'t-+ I \ ]__di -_ 

S»(,i = - -pT tolwm ^ dx 

J, L“'‘ —^ -* 


and t- In (pff)-If— 

1 f‘iq .c-‘- + (f* - ^ -‘L ■' 

S»ni “ ft J. ' , _ , (19) Equation (30) is a 


Smio “ ft Jo ® J / nm ( 19 ) Equation ( 30 ) is a 

Voltena equation of the ii^ ^ '““Va^nd to dcionbe 

at t > /m, ir (0 “ tituuons and change of %an> 

the function »(,) rntroducing the same substituuo 

o CelMeslin^ Jo « Introduas 
ables into equaUou (2o) , n 

„(1 _ b) 111 (w ) p^Fcxp.^— ‘j 


TTn^rivPr, 


_ In (pg) j^.>,.,(il 


IVhen 1 > X then ftol - <• , f liiW ”1 x\ a,„wj'i>w'*x. 

■••S-h-IH S' J ,.11 that the intend 


I J , (11) that the inteml 

It has been shou-n by the dentation of (1) 

f‘rciip-On(W»/^*J*“‘ 

IS constant and equal to U(W ' OpVb( 

above equation, lie hate r In tps)"! 4 S.sn-Ao't' 

S.0 = L i the same .othods In 


This equation is 


yield «,.,,dSJi,) and Sml«. 
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that m order to applj this equation, we "hould be able to follow the disappear 
nnce of the V<» cells If the i&otope is radioactive and if it is possible to elute all 
the non D'S \ I'^otope from the cells, then the disappearance of the Vo cells 
may be followed with the aid of radioautographs In the case of pre-tslabluked 
exponential proZi/era/ion, equation (38) is. valid throughout the CNpennient The 
same alteniatue ‘olution of (38) is possible as it is m (30), if can l>e 

written in the form given bj (31) The constants [^(1 — p) In {pg)]/ 
[/(pg — 1)p1 and [In (pg)l// may be evaluated bj ob'>erving that at t = 0 
wehave(;»io) = 1 and[d^(o/dt']i-« = 0,andatt > = Oand[d^(o/dl*]jsr - 

0 

3 Bolh cell types combined We have already ••hown that the ratio Pay V(,) 
is constant if the proliferation is of the pre-e<tablLhed exponential tj*pe or if 
t > T Thus, substituting from (11) into equation (26) we obtain 


5^(0 — 


qSrtft -j- pqSduy 
4 + P?' 


(39) 


We may then take 5r(o and Sdm from (30) and (38) when we have 


|^9Ci-<rt + — 


g(l — p) In (pg) 

Hpg - 1) 


^aij 


(40) 


^<*i I dx 


Equation (28) is also «iinpUficd to the following 

I [e^ - 52-^ l] •!><..* - I {exp - [l + !2M]x| 

and b> using the same reasoning as in the derivation of (30) wc find 

Sgin = |«'P - + *" dx 

where o' is a constant Equations (41) and (42) are similar to (29) and (30), 
rcspectiv elj, and can be soU ed bj “inular procedures to jield 4'(x) \ comparison 
of equation (40) and (42) bnngs out the following relation hips 


(41) 


(42) 


e = 


q + 


* t - p) In (pg) 

+-„„ _ 1 , 


(43) 




C Steady Stale 

This ca^e is the same as the preceding one, with the exception that p = l/g 
We can thus place pg = I and In (pg) = 0 into the equations of the previous 
section to obtain the equations for the steady «tate 
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1 Cells destined to divide Equation (29) becomes 


Sru) V(x] 


“'•Snut-, 


(45) 


If I > hn, or if this type of proliferation commenced at least Im tune pnor to 
zero time, then «;ince [rizilizim = 0, we ha\e 

^ TTu) ^ ^ fa ~ ^ 

1 r‘ 

5r(o ~ j Ja ^ dx (40) 


These two equations are simihr to (20) and (30), re=ipectively, and can be 
sohed by the same technics to give »(,) if Sru} and Snj«> are known 
Sinularly, equations (34), (35), and (36) reduce to the suuilar equation* 


{Sniit-x} e~'“ -f [(I — u)h — 


[-%■] 

(17) 

dx, 

f. J» ax 

-1 

(48) 

and 


i j‘ e-“ + (h- 1)S,„| [-^] * 

(491 

which can be solved by the same technics to yield — (dir(,)/rfx), if 5rji 

, !•» known 


la this case 1/h « q/[q + (ff - l)g'I 
2 Cells destined to die. We have already shown (hat {la (??))/<'p <7 — 1) “ I 
when p » i/g Therefore, substituting into equation (37) we find 


Sdo) 


When t ^ r, then r. 


—7 — -Pg f dx 

J _Jo_ 

5/o»<o + - - 7" Po f 4>w dx 

J J» 

= 0 and / ^{,)(£c » £,* therefore 
Jo 

I V -»* 

<St^crt ~ Y/ Jq ^ ^*”<*-*1^*1 


< 50 ) 


( 51 ) 


c also note that m the case of a pTe-estdi^%shed steady stafc, equation (51) 
'ahd for all values of t This equation is sumlar to (46) and can be sohed to 
&ve the Probability of survival «^(,) if the funettons 5<i(i) and Simn are known 
3 Both cell types combined It has been diowa* that m the steady state we 


ha\ 
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P 1 

M (fl - l)L 


Substituting m equation (39), we obtain 

f. _ iQSrto + (ff — l)LqSdii) 

-,/ + (S - D^L 

This equation is vabd for values of t > r, and m the case of a pre-eslabluhed 
steady state, it is \ahd for all \alues of i Substituting Sru) and Sdw from (40) 
and (51), we hn\e 


^ e + (s — 1 )9V(ol dx 

T)7L 

Sjio '^<*1 ^ ^ dx 


gl + (tf 

Similarly, equations (41) and (42) become 


(52) 


(53) 


and 


‘=7.* 


e j € *Sni(i-,)g>u) dx 


(54) 


These ore similar to (41) and (42) and can be «oKed b> the same technics to 
giNe<I>{z) if <^ 7 ( 1 ) and <Sm{o ore known A comparison of (52) and (54) re\eals 
that 


« “ f . / ^ -rTTTT (55) 

q! + (g - 

and 

4'u) “ 9Tw) + (9 — (56) 

D Dcterminedion of Smuy 

The analysis up to this point rehes entirely on knowledge of the Smu) Infor 
mation on Snun may be obtained with the aid of radioautographs of cells, pro* 
\nded that all the non A isotope can be ehnunated If, then, the mean specific 
actiiity Sjd) of the DV4 is known and if the mean number of silier grams per 
cell, Gid), and per mitosis, Gzjo, can be determined from the radioautographs, 
we haN e 


and 


■Sgo) = >» 


qp + q'fl — p) 


(57) 


C _ ti2(i) _ 

"ffliP + C'd-p))’ 


(58) 


where ii is a proportionahtj constant, 9P + ^'(I — p) the mean D\A content 
per cell (tide supra), and glqp + — p)] the mean DX 4 content per mitons 

(note that the DX4 of cells found mnutosis should ha\e increased to an amount 
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necej>sary to give gp cells desitned to dttufe and 3(1 — p) cells destined to die) 
Combining the above equations, we find 


s„„, - 


(S9) 


It ‘ihould be noted, however, that tlua method gives only the mean "pecific ac 
tuTt) of the cells formed during the mitotic interval if every cell found m mitosis 
13 included Ideally, to obtain the D\A 'specific actmty of cells formed at time 
I, one should use onlj cells in an identical stage of mitosis 
This method can be u‘!ed also to deteraune the ‘specific activ itj of the D>. V 
of cells which are mixed with other types of cells. Thus, if the D\A specific 
activity, the mean number of grains per cell and the mean DNA content per 
cell of a mixed population of cells is reprc'enled bj Si(» (?i(/) and qt rispec 
lively, and those of one type of cell of the mixture b) Ssut Csie md q we 
have 


5.,., (00) 

wt<«) 9» 

Equation (60) can be uacd to determine for example the DN V specific ac 
tivity of each of the tjpos of lBuhoc>te 3 present in a mixed sample 


E Approximate Uetfiods If Smu) is f nlnoioi 
All approximate method which does not require the delcrnunation of 6n(i) 
may be followed m the cases of the pre eetablt^d exponential proli/erahon and 
pre-<stahltshed steady state, if it can be reasonably utoumed that the generation 
time of every cell is practicall} the same and that there j» no reutiiiialion of 
intact DNA molecules from dead cells In this case, the function ru, Ixicoinea 
Tit) “ 0 for a; > / and 


T(,) *= I for 0 < j < / 

Thus ecjuatiou (30) reduces to 

Srti) = cj^ |exp —l^Jl(GO 
Under the^c conditions Srw given b} the prcvious{> denved equation* 


/ »•( 


i + r. + 




Changing vanabics m (GO by lotting x = f — then dx ~ —and cqu-ilmg 
with (02) wc obtain 


c + 'JIM 



A' 
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Differentiating in respect to t «e hate 
c |e\p -i- J [iSm(r) — Stntt-n e~*^I 




7 i_ , In A 

1 + u +-j~ 


(63) 


V 


[,. + |exp[l + r. + 


The assumption on which we operate here imphes that the cells which undergo 
di\TSion at time t are those and only thoae which dmded at time t — I There¬ 
fore, we ha%e the following relationship 


= hSnuD — (A — 1)5(0, (64) 

and substituting in (63) we obtain 


Smirt™ So 




loA 


|c(l - A)/ 


i + r. + laM 


1 « FV 

A fi A. ^ / 

' — J— exp - \ A + r. + -J- 1 1 


(65) 


Substituting Sm(,) into equations (38) and (40), we obtain equations which are 
apphcable under these conditions 


5rf(o — So 


g(l - p) In (pg) 
p(pg - 1)/ 


± rj ^ 

, , InAJ# lc(l - 


A + r, -=- 


c(l - b)I 


A + r< 


+ - (a + r. + ^) (( - .) 

|exp — I^A -1- Pv -f x| dx 


( 06 ) 


and 
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l.+r.+'^\ 




9^(1 ~ p) In (pq) 


f _j£l_ /. 

Jo c(l - k)I 


__ In (pg) _ h 


exp - 4- >■. + it ~ x) -f l| 

|e\p - + r, + !!!_(^ j 


In the steady state where p “ I/ 9 . p =* — 1 )■£•)//, and c « I/I (ride 

supra), \vc have 

/ (6S) 


cf, <So ^ a, Z** 

^d{o « *7- ^-nrr 

L f~L, , , la ft 

K + r, + -j- 


2£l_/JSA fj, + ,. + 

, ,1.1*11-*L i 

r.-f I 

B.p-(l.+r.+i!^“)«]+lj, 

«,/" f'/lnl* r, .1. In'* 

~TtaTA lr=T;L + 

’■• + T 

+ ,. + (, _ X)] + 1} e-'*-‘'Vwir, 


3 l + (/- IWl^Sj, 


1^1 - exp — + r. + ij + "I) (70) 

• exp - (t + n + !^) « - x)] + 1} e-‘**'‘’V«* 
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Equations (69) and (70) represent an improvement over those previously de 
nved (reference 8, equations (2o) and (36)] becau'^e no approMmation has been 
made here in regard to the probability that DNA which is formed at time 6 will 
be present at a later time t in the rells destined to die 

Disci. ssioN 

The present analysis clearly demonstrates the complexity of the problem that 
confronts the investigator who wishes to determine the life span generation 
tmie and other proliferation charactenstics of cells \n inspection of the equa 
tious which have been derived shows that neither the life span nor the genera 
tiou tune can be obtained from determinations only of the number of cells This 
Is true even when the mitotic time is known and such determinations are com 
billed with simultaneous determinations of the mitotic index, or even when 
colchicine is used to arrest mitoses over a known period of time Such deternu 
nations can vield only the mean rale of cell formation and the mean rate of cell 
death but can give no information on the generation time or the hfe span of 
cells If, howev cr, the proliferation charactenslics remaui constant and the mean 
number of cells formed per mitosis g is known, then the number of cells destined 
to diude can be determined from the rate of cell formation, if the mean genera 
tion time is known and vice versa In this case the probabiLty p that cells formed 
at any tune will ultimately divide can be determined from equation (9) or (13) 
Equation (10) can then be solved (for l> t when » 0) to yield the function 
^(( I), 1 e the probabihty of survival of celb formed at time 6 Equation (11) 
shows that in pre established exponential proltferalton the ratio ^Iu)/Pu) though 
constant, depends on the distribution of the hfe «pans of the individual cells 
rather than on the mean hfe «pan in contrast to the steady stale 

Thu«, the determination of the life '=:paD of cells from determinations of their 
number can only be done if the generation time of the cells is known or if the 
cells destined to dtiide are recognizable In addition, the number of cells produced 
per mito<is and the rate of cell formation arc needed The latter can be only 
approximated by completely arrcstiog and counting the mito'es over a known 
penod of tune or by the use of the mitotic udex if the mitotic time is known 
For this reason, hfe «pans obtained by this method ‘'hould be regarded only as 
approximations 

The apphcation of the equations of the DN V ’specific activnty m the generalized 
nousteady «tate requires that the functions g(o, p(o, ij(,), Juj gci) t'ocd , and «(,) 
must be known and that the functions «) and T(t_i must be independent 
of 6 The last condition implies that the hfe <-paQ and the generation time mud 
be constant, i e , independent of the time of the formation of the cells Although 
the function {/o may be obtained by observing the cells in mito is and computmg 
the mean number of poles per mitosis, the functions p(,), q^D, qi ,), ^om > und 
i}(,) can be obtained only if the cells destined to dicide arc recognizable as ‘•uch at 
the time of their formation-1 urthcrmorc, there is no method available to deter 
mine the function, «(,>, of reutilization of intact DN \ from dead cells. How 
ever, even if thes; functions were obtainable, substitution mto the equations of 
the generalized noiisteady state would yield equations that would be difficult to 
manage Thus, the analy’^is of the generalized, nonsteady state is impractical. 
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due to technic \I and mathematical difficultua, It la, therefore, highlj dcbirable 
to study the cells nhen their proUferatiOR chiractenstics remam constant, i e , 
when the number of cclla either changeseNponentially or remams constant Thu®, 
lu cultures m n ilro, the i&otope ‘^hovdd not be added to the medium before such 
constant charactenstica are cstabhsbed Sumlarly for m studies one should 
«elect ca«cs m which there is evidence that these conditions are met 
It should be emphasized here that knowledge of the specific activity, , 
of the DXA of cells in mitosis k> necessary for the apphcation of these cqu'ition' 
In the case where and or can be obtamed experimentally, knowl 
edge of 5mco is sufficient for the determination of t,i, and In this case it 
IS immaterial whether reutihzation of DN -k occurs or not, and knowledge of the 
specific activity of the DXA precur^r, 5«, is not required if Smuy 1 “= deter 
mined expenmcntallj with the aid of e<\uatiQtt (59) FurtherBiore, smee the 
constant n cancels out when iSjo), iSm,,,, and S 2 (,) are taken from equations 
(57), (58), and (GO), direct determination of the specific activity of the DN \ 
IS not needed, and the gram counts from radioautograplis are sufficient for the 
application of the equations (provided that all the radioautognph have been 
identically processed) \n exception occurs m the case where each ceil has a 
generation time practically identical and constant to tliat of even other cell 
and the reutilizatiou of intact DXA from dead cells is negligible In this caAe 
equations (CO) to (70) may be applied if 5 « is knoivu 
Tntuted thymidine appears to be the best compound jet availible for the 
determination of Smio , siicc it is incorporated only into ihe DX t md since 
the low beta energy of tntium permits high resolution in radioaut ^^.riphs It is, 
therefore, tlie substance of choice for m vntro culture* and c^pennuni il animal* 
Its only limitation m these cases i* that it should not be used at ronceutrationa 
which may cau‘«e radiation damage dunng the experiraentai penod Odd should 
be cautious, however, lu using this vub'tance in human being* because of the 
rehtiiely greater radiation ri'-k ’ In this respect, stable isotopes are ideal for u-^; 
m hunun beings, but no iiifomiatiou on iSm.o can be obtamed wnth their use 
It should be emphasized that the equations winch have been demod here arc 
basic equation* The apphcation and the interpretation of the results of tlie^e 
equations can not be made indi-^inirunatclj, but they require a tborougli under 
standing of the dynamic behavior and of the homogeneity or heterogeneity of 
tile ceil population or the tissue uuder study In the case of the hemopoietic ti*- 
‘'"ue, for example, one is confronted with a very complex tii»suc con*i*ting of 
•^veral distinct cell ‘series, such as the granulocy'tic, lymphocytic monocytic, 
etc Some of the^e cells proliferate predonmiantly in the bone marrow, others 
m the lymph node**, thymus, etc The cefls deputed (o die may 'pend Kime tune 
at the sites of their formation, eventually enter the blood «lreani, and nugrate 
to and from the ti‘?6ues, death may occur anywhere m tJieir journey It is thus 
apparent that it is not possible to obtain a sample wluch repre^uts tlic cells of 
all ages m true total body proportion* from blood, marrow, or elsewhere lor 
this reason, the interpretation of results obtamed by sampling the leukocyte* of 
the blood is problematic Ordmanly, practically all the blood leukocy tes may lie 
a**umed to be destmed to die Thus, Snm '»bich is needed for the application 
of the ippropnate eiiuation or 51), can be obtained only iiy sampluig the 
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cells found in the blood forming oigans and applying equation (o9) Further 
more, the function , which can then be obtained from equation (38 or 51), 
should be interpreted as the probabihty that cells formed at zero time will be 
present m the blood stream at tune t In other words, it is the product of two 
factors the probabihty that cells which were formed at zero time would haie 
entered the blood by time i and the probabihty that they will still be present m 
the blood "tream at that time The probabihty, , that cells form^ at zero 
time will still be present in the blood fomuug organs at time t (from which the 
mean time «pent m the blood forming oi^ans can be obtanied) may be deter 
mined by sampimg the blood fornamg organs and sohing the system of equa 
tions (36), (42), (43), and (44) or (49), (o4), (oo), and (o6), if no reutihza 
tion of intact DNA from dead cells occurs However, if reutihzatiou of «uch 
DNA does occur, then u must be known, and equations (34) and (3o) or (47) 
and (48) should replace equation (36) or (49) mthc above system. Assummg fur 
ther that no cell death occurs m them organs, 1 ~ is the probabihty that they 
have entered the blood stream Thus, dividing the probabihty that these celL 
will be present lu the blood «tream at tune t (determined by applying equation 
(38) or (ol) to data obtained from the blood leukocytes] by this last probabil 
ity, and subtracting the quotient from 1, we obtam the probabihty that cells 
formed at zero tune disappear from tbc blood stream by time t This probability, 
m turn, is the reault of the probability that the cclh will die pnor to t and of 
the probabihty that they will have left the blood stream and migrated into the 
tissues It, therefore, gives only the fraction of the leukocyte life epan which is 
spent in the blood stream If, however, there is evidence mdicating that the mix 
mg time for blood and tissue leukocytes is qiute short in comparison to their 
life ‘■pan, then blood and tiSwUcs may be considered a ‘^mgle pool, and the life 
in the blood stream may be regarded as the true leukocyte life «pan If m addi 
tion, the niiMiig of the leukocytes, of the whole body is very rapid, as it may 
possibly be m some ca«cs of leukemia, then sampimg the blood alone should be 
sufficient to study the prohferatjon characteristics of the leukocytes It should 
be noted that if leukocytes, regardless age, enter or leave the blood stream m 
a sudden and unpredictable way, as may occur under the iniiucuce of epmeph 
nne or lustamme, theu the above discussed probabihties are functions not only 
of the ago of the leukocytes but also of the tune of observation Under the-^ 
conditions the equations cannot be 'olved, and the problem defies analysis 
The abov e disais^iou shows the extreme complexity of the problem of deter 
mini ng the proliferation charactenstics of leukocytes m vivo, compared, for ex 
ample, with cultured cells, where the entire population can be sampled In addi 
tiou to the mathematical difficulties, there are also teebmeal difficulties, <uch 
as (a) the necessity for frequent sampling of the blood forming organs, which 
IS mipractical, (b) the difficulties involved in *^unng«'uch samples free of blood, 
or m corrcctmg for its presence, and (c) the need of radioaulographs and of 
accurate gram counts of individual cell nuclei for the determination of Smio 
and of the «pecific activity of cells under •-tudy, which is not a simple tasL 
\n approximate method bypassing the need for sampimg the blood fomung 
oigans can be followed if a steady state is mamtamed and if the following as¬ 
sumptions can be made (a) the generation time of cv cry leukocyte of the senes 
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under hludy is pricticnllv the same (b) reutiUzatimi of intnct DNA from dead 
cciis does not occur or it la negbgiblc, (c) the ‘.pecific Tctmtj 5(o of the DN -V 
precursor is closely ipproxiraatcd bj that of a blood constituent nhich can be 
j'olatod and ‘Studied md (d) tlie cells that enter the blood stream remain there 
long enough to obtain i platuiu in the curve of the specific activity of the DN \ 
Slid) In this respect, it 'liould be noted that a true plateau nil] neier aetuaU 3 
be reached e\ eri \v hen the isotope is a\ aiUble to the cells for a v ery short period 
of time, bocauise labeled DN V »s trnu^erred from the djiiding cells to the cells 
dcslmcd to die ia m exponential manner A plateau mvy be approximated hon 
ever if the time ‘^jient in the blood stream is many times greater than the genera 
tion time of the leukocytes and the data arc corrected for the phvsical decay of 
the isotope If such is the c ise equation (G3) may lie u‘-ed to deternune Snu , 
Then the ascending section of the curve ^lo the ‘cction prior to the 

pJaUau) vvjJJ be given by an efiuation ‘■umhir to (ai) in nJnch reprcNents 
the probabihty that the leukocytes enter the blood ‘•tream prior to an age r 
The remainder of (lie analysis may then proceed is the foregoing one 

In concluding the mam points tint have been brought out by this analysis 
an, that (a) knowledge of the nte of isotope mcorporition into the DNA of 
cells makes it possible to determine the life ^pan and generation time of cells 
wluch arc either m a steady stile or show lu evjionontial change ui number 
provided that ff, 4 <2 and « are known (b) the complexity of the cfjuations of 
the generalized nousteadj state make tlu» method as well as any other indirect 
method that may be used for tins purpose quite unpractical and (c) the dynamic 
bebav lor and the Uomogeiicitj or heterogeneity of the tissue under study must 
be known sj that appropnate use of the equations can be nndc 
SUMVURV 

The dynanucs of cell proliferation 10 the nonsieady and steady state have 
been theoretically analyzed It is shown that when the prohferation character 
istics remain constant the number of celU changes exponentially, and the ratio 
of the cells desUfted to diiide to those dcdincd lo die remains constant It is con 
eluded that mere observoitiou of an exponential increase of the number of cells 
is insufficient evadence for excluding cell death The theoretical analy ^ of tliu 
kinetics of isotope incorporation into the V indicates that the method is 
suitable for the detemunation of the distribution and the mean of the life •■pan 
and of the generation time of cells that are either m a steady slate or ■■iiovv an 
exponential change in number Ihe complexity however of the equations of 
the generalized aonsteady state makes the use of this method as well as any 
other indirect method <iuite impractical The use ol the equations, jiarticuhrly 
m reference to their application in the study of the hemopoietic •■y tem ts well 
as the hmitations of the method have been di'scu.ssed 
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Tlie Deseiiplion of Steady-Stale Kinetics 

By Henry Qu^tlcr 

TN THE course of this meeting it has become painfully ob\ lous that commuiu 
cation concerning cell population kinetics is difficult The difficulties might 
besomenhat relieved by adherence to a stnet scheme of analv’sis Such a ‘•cheme 
IS proposed here It refers only to the simplest case steady state conditions m a 
population of large bize (If transients are to be considered then one has to 
introduce some age functions, such as tho^ discussed b> \on roerster, page 
'J82 or ‘Mauer, page 231, and if the popahtton or some important ^ubpopuJation 
IS of small size, then statistical refinements such ns those discussed b> Harris, 
page 368, -ftill be indicated ) 

If ue are concerned oul> with a ‘<mglc category of cells then wc «haU wish to 
know the following four kinetics parameters (i> a size parameter n the number 
or mass, absolute or relatne, of cells of the kind con-sidered (ii) a time parim 
cler, t, the mean time of sojourn, or mean time elapsing between a ceil acquiring 
and ‘'Ubseqiiently lo«uig the characteristics of the categorj under considcntjon, 
(m) two flow parameters L a and Ao«t, denoting number or ma®'* {absolute or 
relative) of cells per uiut time entering or leaving the categorj considered where 
entrance can be by birth or changing over from another category ind exit by 
death or changing into another category 
The steady state condition imposes the following two constraint 

( 1 ) 

(2) t ss n/Ioui 

Therefore, one has to measure only two parameters and can then compute the 
two others There are five different but equivalent wajs of meisunng two param 
eters which wall suffice to determine the whole '^yotem one can measure n and 
i, or n and A «, or n and loat i of f and Htn, or I and Aout 
TW 'SA.'CTiV/Wi ge'iO* loff/fi'iy ’mort ws Y«.7Ab«.5 ssS cfmp.'ict.w/iid.s. 

considered increases Tor a two-compartment system, we need 10 parameters 
for a complete specification 

2 '•ize panmeters, «i and «s, 

2 time parameters, fj and fj , 

a total of 6 flow parameter^, A,/, where tlic first sub'^enpt refers to (he source” 
and the second to the ‘smk” of the flow, thus the two birth {laramLlcrs 
/iu and Aij designate (he numlxr of a;ll» of tvjio 1 md 2 pixKluced in a unit 
of time, the 2 doth parameters Ay and Aw the mirabcr of cells of cither 
kind dyaug m a unit of time, and the 2 traiuatton paniiKter* Ay and /» , 
the rale of change from (yyie 1 (o 2, and from type 2 to 1 , n-jicctuch 

From the Biology Department, BrooLhaven Njiional Lai oratory Lj ton N \ 
ltc:»curch earned out at Iirookl»4\cu Salianal laUttiratorv under the au j lec.^ of tl c L 
S Atonuc Laergy Commission 


m 
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The 2 steady state conditions for each compartment 
(la) I . - 5:,i, - - E,i , 

(\shere t can stand for 1 or 2 and j for 1 2 6 or d) 

(''a) = 

jield a total of 4 equations Hence one has to measure 6 parameters and can 
then compute the remaining 4 There are 12 different ways of picking a set of 4 
parameters sufficient to specify the first compartment and o ways of ‘fleeting 
an additional 2 parameters to pecify the ‘econd compartment 

In general if a sy stem has R compartment^: then there will be R each of ize 
time birth and death parameter^: and R(R ~ 1) transition parameters for a 
total of ^ If steady state conditions hold then there will be 2R equa 

tions which reduce the number of independent parameters to + R There are 
fi(R + 4) difletent ways of selecting a sufficient ‘et of parameters for mca ure 
ment to ^-ptcify the first compartment (ft — I) X (I? + 3) different '«ets for 
the sjcond etc If izes are to be measured in fractions of the whole sy tern 
then another constramt is introduced 

-1 

which reduces the number of parameters to be directly measured bv I ind 
nniltiphes the number of effectnc way» of doing so by ft For iiistauce in our 
analy is of tho kinetics of the intestinal epithelium wc used o compartments 
(synthesia pha^e premitotic plus mitotic phase postmitotic phase trinsition 
phase \allus phase) which calls for 40 parameters There are 10 steady state 
conditions and an cleieoth constraint since compartment izes arc given as 
fractional counts Therefore ^9 parameters had to be estimated ^ome on the 
ba«is of general—or previous—ki owledge «ome on the basis of pecific experi 
ments Since it is difficult to keep track of an operation of this complexity it is 
helpful to tabulate all parameters mvolvcd make a numbered Ii-it of ail t tmia 
tiou procedures U‘>ed (indicating whether they are based on general information 
special information or computation) and 'et the appropriate numlier next to each 
parameter m the table ^\e uvs the foUovvmg scheme 

1 = 12 ft where 1 — (name of frst compartment) 

2 — (name of s;cond compartment) 


Stze Time 

ni ti 

111 I- 


ft — (name of ftth compartment) 
Flow Parameters 
(rows inflow column:: outflow) 

— ka k*. Am 

ku — k« Am 


u 

u 


A*. 


A„ 

Am 


k, 

ki 


h 
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sources and «mks of matter and energy 
found in closed systems there ma^ be an 
&\change with the outside AVhen this e\ 
change nith the outside becomes steady the 
internal sources and sinks must e\entuall> 
disappear and the currents of matter and 
energj pas^mg mto anj internal locale mil 
then just balance the outflon In «uch a 
steadj «tate sj stem there may still be cur 
rents, so that each reaction is not neces¬ 
sarily balanced by its iDier«e as m the 
equilibrium state but none-the-less the en 
tropy has been ma\imi 2 ed as far as the im¬ 
posed interaction with the outside allows 
and this is accomplished by chminatmg all 
internal sources and «inks This pnnciple of 
the maximijmg of the entropy of open sys¬ 
tems in a steady «tate by the disappear 
ances of internal sources and «inks eonsti 
tute« together mth Onsagers rebtions 
between current and dnvmg force the 
contnbution which irTc\er=iblc thermody 
nanucs can make to our understanding of 
population problems Oosagers rebtkons 
are a consequence of the pnnciple of de¬ 
tailed balance The theory of absolute rates 
ofelemcntao reactions together with chain 
reaction theory is the general theory of non 
equilibnum «y«toms which mcludes irre- 
\er«ible thermodynamics as the limitiog 
case for these «y«tems which are only 
slightK duplaced from equilibnum 
The problem of dctcnuming total cell 
populations of the ti-pc found in tbe blood 
IS much like taking the cemu» in a aty 
IndiMduals are being bom arc dying and 
are cliangmg their appearance along with 
their occupations «o that counting them by 
mcasunng traiel on the subway is full of 
pitfalls £\cn if you radioactnely mark 
them at mtenals and watch tbe rate at 
which marked individuals disappear you 
srea t nhelher dj«J w just qiui 
riding the subwav Talong the crusus of 
residence distncts and watchmg the move¬ 
ments of marked individuals helps round 
out a complex picture 
Only as we build hypotheses tving the 
facts together can we hope to orgamze an 
otherwise jumbled picture Since a theory 
involving molecules mu t require Utese 
molecules to exhibit reasonable beliavior, it 
follows that much of chemistry is required 
Iiackground Leukemia like cancer m gen 
cral, apparentlv inv oh es a damaging of the 
templates which arc concerned with manu 


iactunng growth inlubitors or with changes 
mcreasmg the production of growth pro¬ 
moting substance In either case there is an 
upset in the dehcate balance in the chrection 
of uncontrolled growlh The«e defective 
templates are passed on from mother to 
daughter cells Osgood and others have 
assembled many of the facts he has used m 
elaboratuig hia views along tlie«e lines* * 
Smee normal cells m man double their num 
ber only about five times from birth to 
matunty, any marked decrease m the in 
hibition of growih of any undifferentiated 
cell or an increase in the growth factor 
brings disaster Rashev^kv s mathematical 
forraulation of a model* has the ment of 
leading to a definite formalism and bemg 
couched in terms of a growth factor char 
actenstic of each cell whose growth is in 
turn inhibited bv a factor elaborated by 
all undifferentiated cells ks undifferen 
tialcd cells decrease m number with age 
fast growing cells may cause trouble by 
escaping from control of an inhibitor elal> 
orat^ by undifferentiated cells Mutation 
of a cell giving it a larger growth factor 
would according to this view ^end it out 
of control at an earlier age le whenever 
the decreasing amount of inhibitor can no 
longer hold rapidly dividing cells m check 
Some carcinogens by dastroving the in 
hibitor «upph^ bv ncighbormg cells may 
cause uncontrolled growth m a fast grow 
mg cell, while others may promote growth 
directly or by mutation into a fast growing 
cell 

Actually, further evpenmental research 
13 necessary to distinguish between the 
vanous points of view outlined and other 
posijble model* Fortunatclv therapy 
doesnt require the knowledge needed to 
undo the changes of disease It may «imply 
direct Ihf^ rhsBges along a different 
course Surgery removes the tumor while 
\ rays and certain drugs help by mterfenng 
with cell thvTSion PrevTntion however 
requires a 'till deeper understandmg 

H R MiBKEH R e are using an analog 
computer to ciqilore vanous mathematical 
motkis of leukocyte kmctics M e treat tbe 
total granulocyte population as a compart- 
mcntabicd sysUm Tlie fir^t compartment 
(1/i) IS composed of cells capable of under 
mitosis Obviously this compartment 
IS compo-ed of several cell tvpcs Only uni- 
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foniut> of iQitial labeling and of fraiUonal 
turnover rates of these cell l\pea would 
jKmut treatment of this whole population 
as a single (ompartment the specif actii 
ity of winch would dcca> L\]x»ientiaU> 
from the time of labchng The nc\t major 
compartment (l/») la conipos?«l of cells 
which arc maturing tJiat li rtih »h»h 
are no longer lapable of tlivnding and \et 
are not freelj exchanged with the mature 
cells m blood This compartment ma\ be 
thought of as a tube tlirough which cclia 
move and leave m the same sequemo as 
the> entered A thud marrow compartment 
(l/j) mat exist Tlus is a popubtion of 
matum cells winch enter the blood ran 
domlj Tliat leukoevtes arc removed ran 
domly from hlood ts ev idcnt from the data 
on the kinetics of in vitro labeled leuKo- 
evUs presented bv Mauer ‘ The eriuations 
for the model just descnlxd an? 

dCm. K _ 

(1) rj; " 1 “ 

at V till 


<11 >'fi 

where C ui concentration of Lilx 1 m vanous 
compartments, t is toUl icifs m u tom* 
partment h is time for maturation h is 
rale of cell prorluction and Vj l/» and 
U* ruhr to the 3 nurrow compartments 
and B the blood tompartmeut 

In the paper yvtn bv Muucr* it wts 
sbonn tint this moilrl was able to »r 
curatciv paxlut the time-eoursc for the 
specific activitv of Icukovjtca m Wood 
folluning the idminiftration at 1’^ labch'd 
Dtp liio model could be made to fit the 
cxpcnmcnlal dati hv asMUiiung tliat mr* 
tullj the ctUa in tlx nuriun win? Libeled 
umformlj at a leval of alwut 30 pir rent 
of the initial sjxcific activUv of leukocytes 
tu blood T}ii& asi'Umptioii nlth<iu(,h not 
vaLdated bv direct obstrvilion would 
K.'cni reasonable, Hn« Uukotvles m bfood 
un, tvpfAscd to the highi'st conantration 
of the laUl at the time it is admmkUm} 
intravinoiLsIv Of jurlicuUr intcrrsl is Uic 
fact tliat the (laranK ten u^c<l t<i fit the 
■bUwith thi-H i-ijuationsaiemagievinint 


with values for the same jiamnchm ob¬ 
tained b> otlu r Workers using an indi pend 
ent approacli * 

/Utliough this model satitfaclonlj pro* 
diets the time-course of the DFP** labtl 
in blood Ieukoc>tc<i Uie gute-tion as to 
whether thca* wjuations desenbe white 
blood cell kiocti{s} tnust nntsui of>c« 
For this reason the abilitv of the mwlcl to 
predict the time-course of label m blood 
leukocytes folloumg the adnuiustratian of 
IP biicUd thvaudme’ or P®-Ialxlcd in- 
oigamc phosphorvn.' * was tested \ luni 
ctobcK fitting the expt nmcntal data was 
rcadilv obtained frum simultaneous solu¬ 
tion of tbi modi 1 rr{Unt>t>ns bv siinjily 
assuming tin If, compirtmcnt to lx the 
onh ooi initially labcjixl 

\ fuwlanieRtal dwnpaiuv lunuver 
ajipovra to evit lictwecn tin luramitin 
emploveil to j»n\hft tliesc liila and thi 
pannu t» ft u-csl in fitting th< I>I-P»cun‘c 
Diis diffinnri Ins 10 the op|>annl dura¬ 
tion of the maturation priK»s,< Thw jinxi sc 
upikcannl to 0( i upv U n ilav s m the ratt of 
the DFP* 1 viienmeiit# whinai with Uie 
olhi r laU Is maturation ft 1 upit-d onlv 
(lirct to five ilivs Uhether thi< ilMixti- 
anev frprrsintp tiiadeiiuai i { thi model 
or a dillertmt m the 1 x|)i nmniLai ronih* 
tion^ cannot U derided on tin lia is of thi 
facts cunxiitly avnilable 

The maUrul juvt prrvnPil npn'^nLs 
a hingle i xainplc of tlie n>U inathi inaUca 
nm be exjxxU-d to plav in advaiumg a 
fieW such as the one und< r di.vus>io» 1 hC'* 
role consists of providing tin niraua fur 
cx-jircshing a hvjiothou m sudi & way as 
to alkiw quaiititativi testing of its abihtv 
to explain olxsi ne<} (Lit.1 Phi inalog com¬ 
puter m our luniU Lvs -ervtsl as a valuable 
tool to ptov ide rapi I Hilutiuns in graphical 
fonn for naih comiunx/n with < v;Mn>ntn- 
tal curvi's 

P Mina riie previous sjKikfft havx 
givea \ou all too brief a vitw of cirtuin 
ehments of |M>puUtiun thi-orv t>ut otivi 
ouslv ut the tuiw. allotted it would lx in 
appraprute for nu totn todi-ciL-s furtlxr 
i-lierific inallimiatiral Unhnics lu-Uatl, t 
iJioukt like to commmt on tin. n>l< of 
laaOiemaUfn aal luatiic/tiaL-ca} mM* in 
InWiigir iinv-tigations. 

Mr Corafiilti 1 m}>iia. md live 
tanre of iiuUxRi.tt«nI UKohl'* /vj'jutor 
otJxrwi-c, in providii^s foj i< wi rk will m 
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sources and sinks of matter and energy 
found in closed systems there may be an 
exchange with the outside When this ex 
change with the outside becomes 6tead\ the 
internal sources and sinks must eventually 
disappear and the currents of matter and 
energy passmg mto any mtemal locale will 
then ju't balance the outdon In •mch a 
steady state system there may still be cur 
rents so tliat each reaction is not neces¬ 
sarily balanced by its inverse as in the 
equihbnum «tate but nonc-the-less the en 
tropy has been ma^mized as far as the im 
posed interaction with the outside allows 
and this is accomplished by eliminatmg nil 
internal sources and sinks This principle of 
the maximizmg of the entropy of open sys¬ 
tems m a steady state by the disappear 
ances of mtemal «ources and «mks consti 
tutes together with Onsagers rcbtions 
between current and dnvmg force the 
contribution which irreversible thermody 
namics can make to our understanding of 
population problems Onsagers relations 
are a consequence of the pnnaple of de¬ 
tailed balance The theory of absolute rates 
of clementao reactions together with chain 
reaction theory is the general theory of non 
equiUbnum «v«tcms which includes irre¬ 
versible thermodynamics as the UmiUng 
case for the<e «y«tems which arc only 
slightly displaced from equilibnum 
The problem of detcmiining total cell 
populations of the type found in the blood 
IS much like takmg the census m a city 
Individuals arc bemg bom arc dying and 
are changing their appearance along with 
their occupations so that counting them by 
measuring travel on the subway is full of 
pitfalls Even if you radioactivcly mark 
them at mtenals and watch the rate at 
which marked individuals disappear you 
aren t sure whether they died or just quit 
nding the subway Takmg the census of 
residence distnets and watching the mme- 
ments of marked individuals helps round 
out a complex picture 
Only as we build hyTwthe-cs tying the 
facts together can we hope to organize an 
otherwise jumbled picture fcince a theory 
involving molecules must require these 
mokcules to exhibit reasonable behavior it 
follows that much of chemistry is required 
background Leukemia like cancer m gen 
oral apparently mv oh es a damaging of the 
templates which are concerned with manu 


factunng growth inhibitors or with changes 
increasing the production of growth pro- 
motmg substance In either case there is an 
ujiset m the dehcate balance ui the direction 
of uncontrolled growth The«e defective 
templates are passed on from mother to 
daughter cells Chgood and others have 
assembled many of the facts he has ufjcd m 
elaborating his news along these lines ’ * 
Since normal cells in man double their num 
ber only about five tunes from birth to 
matunty any marked decrease m the m 
hibitron of growth of any undifferentiated 
cell or an increase m the growth factor 
brings disaster Ra«hevsk> s mathematical 
formulation of a modeh haa the merit of 
leading to a defiiute formalism and bemg 
couch^ m terms of a growth factor char 
actenstic of each cell vrho-^ growth is m 
turn inhibited bv a factor elaborated by 
all undifferentiated cells As undifferen 
tiated cells decrease m number with age 
fast growing cells may cauv trouble by 
escaping from control of an tnliibitor e]at> 
orat^ by undifferentiated cells Mutation 
of a cell giving it a larger growth factor 
would according to this view send it out 
of control at an earlier age ic whenever 
the decreasing amount of inhibitor can no 
longer hold rapidly dividmg cells in check 
Some carcinogens bv destroying the m 
hibitor eupphed by neighboring cells mav 
cause uncontrolled growth m a fa'=^t grow 
mg cell while othera may promote growth 
directly or by mutation into a fast growing 
cell 

Actually further expenmental research 
IS necessary to distinguish between tlie 
vanous points of view outlined and other 
possible models Fortunatelv therapy 
doesnt require the knowledge needed to 
undo the changes of disease It mav simply 
direct these changes along a different 
course Surgery removes tie tumor while 
\ ravsand certain drugs help by mterfenng 
with ceU division Prevention however 
requires a still deeper understanding 

H R ARNER e are using an analog 
computer to evplorc vanous mathematical 
models of leukocyte kinetic* We treat the 
total granulocyte population as a compart¬ 
mentalized system Tlie first compartment 
(Vi) IS composed of cells capable of imder 
gomgmitosis Obviously this compartment 
IS composed of several cell types Only uni 
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fonnitt of initial ItUlin^ aa<3 of fraiUonai 
tumoNcr rates of thc^ «U tNiK-a noutd 
pemut trcatmi iit of this whok })u]>uhitioo 
as a wnglc compartment the ‘•iKciRcactix- 
itj of winch would dccaj c\]x>ncntiail) 
from the tinii of bixling fhe nL\t major 
conipartuvcnt (l/i) is compo-fd of cells 
which arc nintunng Uiat is c-ciU which 
an. no longir capabk of diiidmg and jet 
art not (nvh otcfiangtd with (li< mature 
cells in Wood Tins eompartinint nm Ijc 
thought of as n tulx? through wluth (clts 
mo\t and lca\c in the simc Ksjuime as 
tboj enU red \ tlunJ iiurrow < uin|»rtme]it 
(1/j) ina> e'U'^t This is a (KipuhtioD of 
mature tells whitli entir the blood rin 


ttitli values for the wnn {uraiutk nc ri{>- 
taine^lhx other work* r» U-'ing an II kjxnl- 
ent approaeJj • 

\ltliough thus niiKkl Mti.fact>nl\ i re- 
ditts Uu time><ourN: of tlic llH*** Iab«l 
in blood kuko(>t(>« Uh qui-vticn ^ to 
wlwtfur Uii*^ c<\uati)iis di-x-nlx wliU 
blood txU kimtics mu,t •‘till nmam «jxm 
lor tins reason the abditv < f iJie model to 
pnvlut tfie tJiiu«-r<jurH of fafxl m t>f«jif 
)euk<x>te> follouins ihi adnum. trati >o of 
H’Uliclcil thjmilmf' or l’*»lalxlol in* 
urvi^Dk pho-phiini.s* • w^s U-^Ud \ curvi 
cla-elj fitting tla uvptn iitnLi} dita was 
rraililt ol tiimsi fn>tii Minultancous m Iu* 
tiun of tlu iiuhI 1 c4|uatiuns l>v suiijU 
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which expcmnental rc«ults iua\ be inter¬ 
preted In adthtion to this necesaao lune- 
tioD, model buildmg scr\i3 at least two 
further purposes 

Rpit, if the experimental results agree 
with prenous predictions based on the 
model, we ma} tend to feel confident that 
we reallj understand the situation 

Second, and perhaps less often recog- 
mzed, IS the fact that it is frcqucntlj not 
at all obvious what the eonsequences of 
e\en rather simple assumption* will be in 
complex sx stems Tlic biologic assumptions 
used m the models which Dr Harris has 
cpoLcn about are of tlic x ecy simplest hind 
imaginable,} ct the anal} sis of these tnodeb 
leads to unfamiliar mathematics and to 
quantitatixe results which, altliougb quite 
plausible, are perhaps not immediate!} ob¬ 
vious It seems to me that without this 
specific model (or specific models of this 
kind) for aualxit max well be impossible 
to decide whether experimental obserxa 
tioosarconl} xvliat should be expected or 
whether rexnsion of basic concepts is called 
for 

Now, with these remarks os background, 
I xxould like to comment on two attitudes 
toward mathematics which I think arc 
common among biologi*ts and whub are 
almost equal!} unfortunate 

First 13 tlic ncgatixc attitude which «\ 
presses itself m Uie general point of ' lew 
that all important findmgs arc b3<iiall} 
quite simple, and that if )ou need a lot of 
fane} mathematics to back up }our inter¬ 
pretations xou roust be on prett} «hakj- 
ground It is doubtless true, of course, that 
complex matlieraatics can be used to coxcr 
up the data rather than to cianfj them 
On the other liand, we haxe ju t seen how 
simple assumptions ma} lead to results 
tliat are not intuitixel} obxious, and if 
phenomena of this t}pe are to be scnousl} 
mxestigated I «ec no escape from the cor¬ 
responding mathematics 

Vt the oppo ife pole there is the enthu 
sia^lic attitude xchich looks upon mathe¬ 
matics as a kind of magic which can some¬ 
how oxcrtorac the intransigence of the 
experimental situation and lead, practicall} 
of its own accord, to new and u«eful infor¬ 
mation The mo-t common expression of 
tins approach is m the dexelopnient of 
mathematical models with so much fiexi- 
bihtx and so man} free parameters that 


almost an} experunental outcome fits 4 
typical example of this sort is the fitting 
of anx conxex dxe dilution curx'C with a 
linear combination of exponential func¬ 
tions, and the sub‘sequcnt mterpretation of 
thesj exponential components as ex^dcnce 
for the existence of niLxmg pools of x'anous 
sizes I don’t mean to sax that no d}e di¬ 
lution curve «hould exer be looked at m 
this way, but the mere fact that a curxe 
can be approximated by a «enes of expo¬ 
nentials does not of it«elf proxe the exist¬ 
ence of mixing pools 

finally it <scem* to me that when scien 
tific research in a gixcn atea becomes con¬ 
cerned mth quantitatixe relationships the 
scientut himself has to become «oniethmg 
of a mathematician That is, he has to 
know enough to clearly understand the 
models which represent these relationship , 
and understand them well enough m fact, 
not onlv to mampulate them but aUo to 
get nd of any exaggerated re«pcct for 
them, and to recogsite that although 
mathematics is one of tiie mdi-pcnsablG 
tools of Uic treile, it is a tool and not a 
sub«taDcc 

M \ fraiNEiDEaxuN I would like to 
gixe an example from some real data of 
the t}i>e of model that Dr \ on Foer*.tcr 
was talking about 1 aUo want to eomment 
onwliaiDr Meict has just said about sums 
of exponentials 

In Discussion figure 1 age i* plotted 
along the x axis and rate on the y axis 
The curxc is the death rate in this case 
from lung cancer In this particular citua 
tion we haxc a ‘«t of data which relates 
both to Dr ^on Foer^ters and to Dr 
Hams remarks Hus is a situation in w hub 
the basic population in some wax changes 
with time There w as somehow a change m 
the extnnsic causes of death which were 
much more than the random clement that 
Dr Ham* put in It has been noticed that 
in the deaths reported from lung cancer 
oxer different years there were curves such 
a* those in the figure, reaching a {leak (at 
say 6o-T0) and then declining w lUi increas¬ 
ing age This was ob-ened m lOH, 1930- 
1932, 1939-1941 and 194!>-19al, and m- 
xolxcd taking a crcM secUon oj Ifie popula- 
turn In tlic figure, these cross ■sections are 
shown by dashed lines Tins was the ‘ccond 
form population that Dr ton foerster 
dealt with, w here he had a cross section of 
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the population that has ootne erratic age 
distnbutioa Lookutg it this em&s section 
of tho population, this grajih gnus the 
same kind of thing Uk-vj <hta, tlicn, vcm 
to impl> Hut tlKre la an mere vMog iv.k of 
d)ing from lung cinctr until one rrac}H<s 


a tcrtam age, and then »om( how or other 
the n»k IS nxluccd At Uut point^uu might 
(lie from a Ik irt attack or some other cau.-e 
instead of from lung catKxr 

U.t Us now look at tin popuLiliou nvl 
Qt a cro^ section hut at a rotort population. 
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allbomiaa gnen jearand followed across 
tune If we take tbc persons bom iq a 
gi\cn jear and their death rates at a Ri'cn 
age, these rates all continue to go up *111036 
are the solid lines on this figure, and thej 
nei'cr turn down Here there is an increas¬ 
ing nsk with increasing age for all ages— 
and the nsk is changing (upward) with 
time The cohort bom in 18M had a death 
rate of 2 to 3 per 100,000 at age 00 to 65 
The I860 cohort had a rate of 3 to i> per 
100,000 The 1870 cohort had a rate near 
20 The ISSO cohort, at age GO to Co, bad 
a rate near GO' There is some powerful X 
factor of Dr Hams’ m operation here, but 
if we looked at the data in cross section 
onh, we would certainly not see what we 
ha\e seen when we looked at the cohorts 

In the hematologic problem, taking out 
an ah^uQt of red cells, labelmg with Cr“, 
putting them back m and following them, 
we ha^e the cross section population Tn- 
ing to get initial labeling of cells (or their 
DN*k) with tntium-labelod thjmidinc is 
almost like following a cohort population 
These dilTercnt approaches lead to differ 
ent conclusions You ha%c to be %eT> care¬ 
ful to define the population with which >ou 
arc working, and to deal with this popula* 
tion in the proper manner Onb '>heD Dr 
Hams’ \ IS missing arc these popubtions 
interchangeable 

The second order remark on Dr Meier's 
comment is that I agree with him whole- 
heariedij but for one thing You can al- 
wais take one of these cunes and show 
decaj with curvature, and show it not as 
the sum of one or two or three or four e\- 
ponentials, but as the sum of an infinite 
number of evponcntiaU This implies a dif 
ferent (and more mcamngfuP) biologic 
model, and the mathematics, surpnsinglj, 
are much easier 

J S Robertson Much of the work 
that has been discussed has involved the 
u>e of tracers K point which I would like 
to eropliasize is that m using tracers we arc 
not uauallj concerned with the behav lor of 
the bbcled material per se The important 
question is, wliat can the tracer or the la 
l^led matcnal show us about what goes oa 
in the unlabeled counterpart* In “teadv- 
state situations it is not apparent that 
anv tiling is liappening to the unlabeled 
niatrnal, but introduction of a tracer ma> 


show that material is bemg transferred 
from one compartment to another This is 
where tho vise of a model enters the picture 
and where models are unportant TTie role 
of the model is to give a basis for establish¬ 
ing the rational connection between the 
behavior of the tracer and the behavior of 
the unlabeled material If the mathematical 
equations dcscnbiog the model are cstab- 
h^ed on a rational basis, the curves de¬ 
scribing the behavior of the labeled material 
can be fitted to solutions and thus the pa 
rameters describing the behavior of the 
unlabeled counterparts can be established 
in tenna of the model Dr Von Foerster 
hasemphasued that mathematical mampu 
lations of the data, correctlj used, onI> 
rearrange the information without adding 
to It A model provides the framework bj 
which the descnptvon of the tracer’s b^ 
Iiavior can be traaslatcd into that of the 
unlabeled material 

As Dr Quastler pointed out, after vou 
get more tlian a few compartments in the 
6>'stem, it IS impossible to solve the equa¬ 
tions in sufEcient)> evphcit terms to be of 
use m interpr^^mg tbc data FlNpbnt solu- 
lion»are unnecessao. how ev er, because the 
eicctncal analog computers are capable of 
establishing the necessary relationships 
Another role of the model, then, is to pro¬ 
vide a vva> of programnung electrical com¬ 
puters I cvpect these machmes to assume 
mereasmgh important roles in the inter¬ 
pretation of data on the behavior of tracers 
in hematologic studies 
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Conference Summary 

By Eugene P Cbonkite M D 


TT IS impo'sible to eumraanze this conference adequatel> and to do justice to 
all of the participants and the xvide range of topics covered Of necessity 
certain points which appear pertinent to me \nU be dwelled upon at the nsk of 
neglecting equallj important faints 

First the vanous chauroen perfonned admirably m keeping their programs 
to the subject and on schedule «o that there was ample time for free discus, ion 
from the floor I believe the Hematolog} Study Section and its Organizing Com 
mittee can be justifiably proud of the fact that open discussion was ammated 
and there was not a single lull m the course of the three da>s At the do mg of 
each "^s-ion there were still man> questions to be a..ked The informal discus¬ 
sions continued animatedlj far uito each night 

In specific comment I will take the prerogative of first criticizing my own 
opening comments The scheme propo'cd was obviously a gross ovetbimphfica 
tion It was erected to be destroved and in that re pect was not a complete fail 
ure In retro pect it is quite obvious that there were many hidden assumptions 
of which we were not properly aware The calculations for sizes of the various 
parts of the neutrophil compartments were pre^nted too bnefiy and without 
sufficient description This resulted in misunderstanding Bonds value for an 
upper limit for tunc in the penpheral blood was u«ed This value when used in 
conjunction with the e timate from the mitotic index for generation time of the 
last mj elocyte to divide 5 lelds an c«timate of the number of elocj tes in this 
category This value is a minimuffi It can scaredy be'mailer ITus number tells 
nothing about the average size or the maximum possible The confusion that 
resulted dcmoiutrates the necessity for pcrsin to per-on discussion and sen es 
to indicate the mtneate nature of problems Muroundiiig the establishment of 
the duration and ize of each phase 111 the hfc cycle of the neutrophil 

Dr Vndreasen of Denmark pomted out that the nutotic index dctermjucd 
m tissues is unreliable He presented a method for the reliable dctemimation of 
the mitotic index m hemopoietic ti-vucs. by the u-e of sn-pen ions of edi nncka 
He commented upon the presence of phagocylona of nuclear material in area, 
of lymphocytic proliferation and bchevea that «gnificant numbers of lympi o- 
cytes go to the epidermis and gastrointc tinal epithelium I beheve he postulated 
that the lymphocyte may traiLport D\ V to areas of cell dm on If true this 
assumption could be coufinned by labdii g technics «uital le for autoradiography 
There is no doubt that Andrca>ens ob-enations point out the difficulties in 
describing the behavior of the lymphocyte m kinetic terms 

Dr Lebloi d of Canada demonstrated the limitations and usefulness of the 
mitotic index and illu trated how the techmc m conjunction with cell counts 
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can be used to estabbsh a model for <:auiU Ijmphocj'te production from the 
reticular cell to the fiual product by \unable repetiti\ o chviMoiis and maturation 
His studies are based ou fixed tii^ue sections and it appears that study of im 
pniitb wth Romauou'^ky stauiing would nbo complement hu> studies 

The lymphocjde ddeiunia of the Hntish seems more apparent than real The 
data of Doctors Yoffey and Gowans aie excellent I ob'^ine their technics aud 
quaiititatiae expression of data wath admiration I behc\e that in the long run 
their data nail prove to be compatible The differences in interpretation m i> m 
part be due to ‘species differences but pmnanly I bebev e lho> dcriv e from dif 
fereiices in analjsis of the data Vt any rate these differences cannot be rtsohed 
by polemics I suspect that critical cspcrimcuts or newer analytical approaches 
arising from this conference will resolve such difference of opinion There seems 
to lie little doubt about recirculation in part of the small Ijniphocytc The maj, 
mtude to Govraus la Large to Coffey small ^.clthe^ has resolved the problem 
posed bj Hamilton some jears ago about posiable reutihzation of DN V \n 
dreassen also apparently subsenbes to this idea in part I do not set how one 
can avoid concluding that sime lymphocytes are tong hved as Ottc«cn and 
Hamilton published earlier 

The combined pro entations of our Scandinavian colleagues Andre xcen ind 
Fichtebus emphasize the danger of oversimpbfication m describing the lichaMor 
of the lymphocyte The lymphocyte life cycle and function is a complicated 
affair, to be sure Quite obnously no one simple explanation is adciiuato to c\ 
plain the behavior of autologous homologous or heterologous transfused lym 
phocytes or, for that matter their behavior m vivo after labehig by isotopic 
procedures suitable for autoradiography Possibly in situ death near arc is of pro 
hforation is as prominent for lymphocytes as it js proposed bv ‘'tohfm in for 
erythrocyte precursoi's Phagocytizcd nuclear labeled material has been ob 
served by Brccher early after labeling suggesting the death of cell oon ifter 
DN S. synthesis Vndreasen s and Kelly s data seem consistent wath ui m situ 
death of a portion of the proliferating cells of lymphocytic tissue 

lielly, from the extensive studies of her group bcbevei that the di'^lnbution 
of cells in thoracic duct lymph is the same is in the lymph nodes This would l>c 
most helpful li true but is open to ijucstion She md her a^oentes fetl as 
doesLcblond, that the large lymphocy to produces the medium winch in tuni 
produces the miall variety However tlus has not been conclu ivclj ‘•hown to 
be the case, and each could have sepante precursors Direct observation is 
needed to prove the point 

In concluding a summary of the lymphocyte one mu'-l cmphisizc that (lus 
tcnii represents a fiimly of cells wath different life tpins and jicrhips different 
functions but a conmion orgin of ongm The genealogy bfe txjxctancy uul 
function of this family ire inherently toutJi unto to crick Morphologic or func 
tiotul cnterii, in iddition to mzc an, badly needed 

In re pect to the grimilocytc j» behavior and its total life cycle more areas of 
agretmcnt have ippcartd The CMslciice of an extrav iscular pool of neutrophilic 
granulocytes ipiictrs It-ss apiieahng thin a few years igo or it lei-t il his 
shrunk m size Itccy cling of ncutropluls from extrav uscuLar ites to the circulit 
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mg blood though not eliminated from current thinking has fallen from fa\or 
The data of Craddock et al fromUCLA pro\e the eustence of a\eo large 
pool of readilj available neutrophils The size of this pool is reasonably well 
established and is diatnbuted primanlj between an intramedullarj storage «ite 
and areas of margination along capillary walls of \anous tisaue® of which the 
lunp may be the most important Agam an extra%ascular pool is not eliminated 
but its e^tcnce and size are in question 

An upper limit for the a\ erage staj of the neutrophil in the penpheral blood 
of 2 3 dajs has been firmly established by Bond et al The actual stay may well 
be substantially less In fact the data of the litah group (Mauer \theiis Cart 
wnght and Wintrobe) Patt Craddock et al and 0 good all ‘eem to con^erge 
on a rather short a\ erage stay in the blood only a few hours It la difficult for 
me to accept \ an Dyke s \ ery short estimate based on equihbnum \ alues be 
tween normal and imdiated parabionts 

Whether or not the Brecher ind Stohlmnn poalulate of in situ death of some 
cells during prohferation apphes to granuioc>topo]e‘sis is unclear as is the ratio 
of the “ize of the mtramedullaty pool of granulocj-tes to the freely circulating 
mass of granulocj'te® Howe\er a large readil> axailable pool of grauulocj'tes is 
endent It appears that the use of thjmidine and kinetic analj based on 
autoradiographic observations will fini)!> answer these problems providing the 
interpretation is uot confounded by uncertainties id the morphologic idcntifica 
tion of cells in the marrow Identification of cells in autoradiographic prepara 
tiOQS IS not satisfactory and this is an area where techmeal development is 
needed 

Patts studies on H’ thymidine labeling in hemopoietic tisjucs of the dog in 
troducc another «pecies and how further useful methods of anal} is Bond and 
Patt differed m the method of mtcrpretation of the appearance of labeled neu 
trophils m the blood Patt s approach of ob«ervmg the disappearance of specific 
labeled cell populations appears to offer a better method of estimating the actual 
av erage time m the blood The differences in percentage labehng of marrow and 
peripheral blood of man and the dog demand an exphnation The difference 
may be techmeal or the «pecies may just behave differently m re pect to hemo- 
poie'iis The‘< are important problems to re'^Ue «mcc many studies can be 
performed on the dog that are rarely po^ble to perform on patients 

"Nlaucr et al of Professor B mtrobe s group liave taken advantage of the «crv 
ice of an analog computer to build and test mathematical modclsfor leukokiiietics 
based on their DFP* labehng studies Certain ob'crv ations are clear-cut Their 
data clearly hav e three phases The first phase is be t interpreted -is a rapid 
random clearance of neutrophils from the blood and appears consistent vnth 
Patt 3 observations and Brecher s published interpretation Their second phase 
having to do with maturation has a duration that i» too long if one accepts the 
H* thyirudine data of Bond and Patt as being rehafalc indicators of maturation 
transit tune Their third phase is believed to e timate myelocytic generation 
time and is coiuistent with computations from mitotic index but not consKtent 
with Patt s thymidine data The«c discrepanocs can be resjhcd only by further 
expenments The kmctic model and testmg fechnie will become more useful as 
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data accumulate and maj ultimately be the only way to amwer the problems 
that are not subject to direct e’cpenmentatiou 

IQme critically revle^^ed neutrophil life technic®, pointing out that certain 
of them faithfully gi\e ‘■hort life spans^ others intermediate life ®pans, and stvU 
othersa long life spans Inline s o«a data \ihen analyzed by use of the ^ oUerrv 
equations gue an a\erage life ®pan of 13 da34» Whereas there is no doubt about 
the validity of the data, there is a tenons question os to whether thi» and }ms 
IS appropriate Both Hanulton \nd Cartwn^t have pomted out that u®e of the 
Voltern equations detnauds a fimte life ''paii, and that if there is i rindom loss 
this approach does not apply 

Brecher rather conclusively demonstrated that atabnne is useless a* a label 
of leukocytes since the fluorescent d^e exchanges rapidly and is pnmanB a 
cjtoplasnuc and not a nuclear label It appears <^fe to disregard the pubit hed 
data on hfe 'span reejehng of cells etc that are based on fluorescent dje tech 
nics This IS a positive accorapbahment since the mimbeis based on fluorescent 
dje lechmes have been u-^d extensively m computations and as cvndence for 
recj chng of cells AVhether all fluorescent dyes we as uiu^hable as atabnne is 
not clear Diaminoacndiue is a good nuclear dje 

Tntiated thymidine, a specific D>.A label suitable for autoradiography when 
incorporated at time of DNA synthesis pnor to cell divi ion did not have its 
debut at this conference Its value in studying chromosome repbcatiou was shown 
soon after its synthesis by Dr Hughes about three years ago at the Medical 
Research Center, Brookhaven National Laboratory Its value m the study of 
human and ammal cell proliferation has bceu exploited by the Brookhaven group 
and Its use has spread widely Thu> conference has shown clearly that tntiated 
thy^nidineisDot a panacea for all the difficulties jo the study of cell prohferation 
It» areas of uscfubicss and Imutations have become (juitc apparent Questions 
of possible perturbation of cell proliferation by tntiated thjnudme anJ the dosj 
levels where such perturbations may be pnxJueed are not yet revolved 1 urther 
research is needed m this Vital area Methods of interpretation of 11^ thymidmc 
labeling data of DNA and cells are emerging and appear coiLsistcnt lictnccn 
laboratories 

Many questions were asked from the floor about the stability and exchange i 
Inhty of tritium labeled tliynune in D\A Hughes on the chemical side and 
Lebloud, ou the cellular side certainly convinced me that DN is unmortal in 
mature cell* and that the tbyTiiine does not exch iiigc from D\ \ nor the tntium 
from the thymine to any detcctible de^ce after DN V synthesis Thc't, appear 
to be two solid irrefutable facts that make one feel more secure m the use of 
tntiated thymidine for the study of cell proliferation However on the pessimistic 
side, the question of possible radiation injury of precursor cells by H* thymidmc 
m tlie amounts used was neither shown nor disproved Tins is i ^ubiect tlut 
dcHrves urgent attention by all who propose more extensive use of II* tbyanidmc, 
not only becaU'>e of the possible late hazard (carcinogenesis) but Ijccause of (lie 
possible perturbing effect on cell prohferation itself In my opinion the effect js 
negligible, but here facts in. essential 

The oiieinng discus-sion by Hughes ou DNA^ynUicsis and dcbridation clearly 
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prc'«nted the Status of knowledge The N**Iabehiigof D\A in bacteria followed 
bi uUracentnfugal reparation of D\A m cesium chloride strongly suggests 
that the DN double helix consists complemcntaij halves, one svnthesi2in<' 
the other prior to cell dmrioii These studies complement tlie earher studies 
of Taylor et al on chromo-ome rcphcatioii The chemical nature of the gene 
and the forces that hold DN k and chromosomes together are still unanswered 
Fnedkin’s methjl rbunt in the cjcle of D\A sjTilhesis wa* mo^t mteresting 
and I beheve mil open up many new areas for speculation and investigation It 
preoumablj offers a chenucal explanation for a control mechamsm for cell 
growth 

Alternate pathways of tbynudine metabolism were presented by Potter and 
are very important m interpreting the behavior of labeled cells Thomas has 
used D>>A synthesis as a practical means of asi^es-ing vaabihty of marrow cells 
which has a distinct bearing on therapeutic transplantation of preaenedmarrow 
Bcndich dL.cusaed the tntmm labehng m vatro of separated D\ k by the Wiltz 
bach exchange reaction wath tntium gas 4.bout one in 1000 hydrogens exchange 
Labehng appears to be greater with thyTnine than vvith other baae> There are 
obvious radiochemical changes produced, as shown by changes m sedimentation 
constant and chromatographic characteristics He believes that the labeled 
DVA mil enter HcLa cells, but has not ascertained whether this is direct or 
after degradation to fragments and then utilization of the fragments 
Lajtha discussed the problems concerned with autoradiography m complex 
tissues The lack of Poisaoness' in gram counts indicates that DN \ synthesis 
may have a variable rate which is biologically acceptable He aLo appears to be 
more concerned than most investigators about the pov ibility of radiation effects 
bj H* thymidine which points up as mentioned earlier, the need for empiric 
otudies on this qucatiou that really cannot be answered by calculation 
Qu istler has determined the variability of the segments of the cell generative 
cycle by an analysis of mitotic labeling ui the «niall mtestme of the mou-jc 
Similar ‘■tudies would be useful in hematopoietic studies however the nuxed 
cell populations growing at different rates complicate the study 
Dr Dustui, of Belgium, clearly presented the colchicino arre t tcchmc for 
e'^timation of the mitotic activity of tissues, and ngidly defined the limitations 
and apphcation of the method in a manner that will be most useful to all of us 
m our future work 

Progress has been made in uiulerstaiuUng the platelet life "^paii of man Odell 
and a'^sociates have used the radiosulfate labeling technics developed m animals 
for the study of platelet life <pan m patients L'lng the in vivo increase m 
‘specific activity ’ of separated platelet*!, they deduce a life '■pan of 10 days in 
man, a value «mular to that obtained by DFP”earher by others but longer than 
values obtauied from tran fusion of‘eparated homologous platelets The implica 
tion IS clear Separation procedures injure the platelet in •some subtle maimer 
that IS not easily detected 

Dr Bes^is, of France, with cLanty and beauty demonstrated an electron nu 
crogrophic explanation for iron conservation and reutihzation m crythropoicsis 
that was incorporated into Dr Stdhlman’s concepts on eiythropoicsia before 
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the conference ended It it. believed that the^ obscrvatioua riU become another 
claisic morphologic contnbutioii to hem.itolog} and quite certainly ‘•houed that 
there is another factor to be considered in my discussion of iron kinetics -Ul 
hemoglobin iron is not transported by transfemn of plasma 
j^lptn’s "Very extensive 1 e** autoradiognphic studies on erytliropoiesrs m the 
dog lead to the conclu'-ion that erythropoietin acts by increasing the number of 
cells from a pnnutue pool that are entering erjthropoiesis The ob'^rvation* 
are extcu‘-i\ e and the arguments almost eompclbug, until Stohimau s equally 
exteiistv c obsjrv ations aud lucid arguments are considered Further stud 3 vnli 
be needed to resoKc these diCfcrciices in opiiuon, many of wluch fvded a\\a> lu 
the cour'C of fruitful discussion during (his conference 
I must omit anj really serious discussion on etythropoic'-is aud its control 
Tliere are still unansucred prolilems, but areas of agreement are larger Alpen 
and Stohlman ■^ccraed to rcsoh c manj differences Tlio idea of cell death bj red 
cell precursors as pre-ented by Stohimau is apparenll> consistent nith many 
of Upen’s observations mth I e®* iutoradiograph> 

The source of erythropoictm is unsettled TTie kjdne> still seertis the most 
hkely source, as one looks at the data of Jacob«on and Nacts but Ersicv s data 
appevr mtonsisteut lurther work wall be needed to resolve this problem 
The chemistry of crj'tUropoietui w developing rapidly IBorsook aud aN.ociales 
have established its mucoprotem nature With each development m its cheoi 
istry, problems of stability the nature of (he protein, nhat determines its bio 
logical actmty, and uh> protems chemically mdi<«tu)gui5bable have no nctivat} 
contume to crop up More efloctiv e assay methods appear needed 
^Uthough I haven t singled out any of Dr 0 good s concept'* ind data for 
specific comment, I tlunk it only appropriate to recognue the fact that he has 
been working actively m tius field for the last twenty years aud for many years 
vvas almost alone loday it must be gratifying to lum to see the international 
and multidibcipUnary attack on these problems and, as new technics become 
available, their slow resolution by experunent 

It IS aho fiuite evident that hematology is beocfituig cnormouslv by tbe par 
ticipation of people in hematologic le'^earch who a short tune ago scarcely were 
faimli.ir with morphologic hematology Vt the same tune I would hke to try 
and set the record straight m certain respects 1 ni not much of a hematologic 
lu tonan but dunng these three days I vc heard mention of ideas ob ervatious 
and schemes proposed that bore more (liau a superficial resemblance to some 
rather old concepts of ‘Metchmkoff, \acgeh, Ferrata, Pappenhenn Ranvier, 
Aschoff, Downey and a host of other early hematologists who had o»h nior 
phology and microscopes Admittedly they re orted to polemics and their prob 
lems were not resolved Mention of their names here was sadly lacking The 
onginal hterature may be inaccessible and in languages wath which wc are not 
facile, but fortumitely there are av ailable such superb books as Dowaicy’s Hand 
hook of Hematology and texts by Bcsois, Rohr and Wintrobe It appears that 
a closer study of these clas'-ics by the new entrants into hematologic research, 
and by those of longer sojourn, mi^t be useful m getting a better perspective 
of where we stand and where wc are going 

Xow that newer technics of study are available, one must ask whether we are 
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closer to resolving our problems or 'nhetbcr we are further apart because of an 
inability to communicate to each other the significance of the transformation of 
our obsened facts (immortal) into models (ephemenl) to explain the whole 
process of hematopoiesis and its control I fear that publications—omng to 
limitations of space (because of espense and editorial pecuhanties) -iemantic 
difliculties and failure to appreciate the other mans approach —haie not been 
bringing us closer togdhir m an understanding of our mutual problems To 
me this conference has been of tremendous value I fraiiU} have not been 
able to understand certain pubhcations This conference has made it possible 
for me not only better to appreciate (he methods and technics of our foreign 
colleagues but also to understand better my own countrjmen and even my own 
close personal associates I do not think, this could have developed m the cour-^ 
simply of reading I strongly feel that conferences such as this fulfill a great 
need m scientific commuiucation and understanding I wish to acknowledge on 
the part of all of us our debt to the USPHS* and its advi oiy councils for the 
wisdom of recognizing the need for another method of communication than the 
wi tten word I firmlj believe there is no better means of bringing different 
Bcvtnlific disciplines together and of developing appreciation of each others ‘‘cien 
{ifi»^ problems and i«pirationa than a conference «uch os this one Yet there is 
dai ger in having conferences too frequently Poastblj an mdication for a con 
fercncc is the existence of published differences of opinion and results that are 
growing further apart with time 

I hope my colleagues on the organizing committee will forgive me for stating 
that in my opiiuon there is some danger m having too full a program The agenda 
was too big and the time too short Each chairman had to cIoNe the ses.ion vith 
participants still anxious to engage in further stimubting discussion Despite 
the fuUness of the program, I am sure it is the unanimous opinion of all partici 
pants and observ ers that much progress was made in undei^tandiiig each others 
problems approaches and future plans Much new rc^arch will be genervted as 
a result of this conference Much research under wa> will have its direction 
changed or will benefit bj the introduction of new technics or the dropping of 
technics now shown to be inadequate or Imutcd in effectiveness 

As Professor Mmtrobe stated m his opening addrcK. the participants came 
with finished manuscripts Ml of us could write a better mmusenpt now but 
these were the rules to expedite pubhcation and everyone has agreed to abide 
by them 1 further bebev e this rule to be a good one Sor a conference and that 
It w ill be helpful to readers of the monograph to follow the dev clopmcnt of ideas 
by reading the prepared manuscript and the discussion which follows all un 
adulterated I do not envj Dr Stohhnan a ta'‘k of editing the manusenpts but 
his assumption of the ta^k assures the prompt publication which makes the 
work available to the scientific public at large 

Lastly on belialf of all of us I wish to thank Professor U introbe his w ife and 
associates for their efforts m making all of the local arrangements from arrival 
to departure The excellence of these irrangemcDts added immen'sel^ to tlie 
success of the conference 
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V anations, 2&5 
losses, 7, 47-48.197 
ab<olutc, 389-390 
environmental, S93, 395, 398 
external, 5 

intrinsic, 388, 3a9-390, 393 
as mito-is consequence, 48, 202 


random, 183 
relative, 390 

maturation, 2-3, 3, 22, I21, 196, 221-222, 
282 

general model, 6 
movement, 176-177, 261-262 
multiplication, 5-6 
bj binarj fi'sion, model, 368-379 
mutation 370, 434 
n cell*. 2S2-2S6 
neutral equilibrium, 402-403 
m Qonstead^ state, 409-411, 429 
nuclei, 32, 290 
irradiation, 136-137 
number of generations 38-40, 216 
perturbation, 400-405 
primitive 5, 48-49, 187 
pvLtwHis. 4S, 272-273, 290 
recirculation, 2—4, 17,34-35, 64-68, 70, 78- 
81. 243-244 

re-estnhlishment, 4,12 
regenerative random processes, 368-370 
reDeaal.31,372 374 
samples, 38^397 
«tate-de«cnption SS3 
sieadi state 2,225,397 398,402-403,411- 
412, 429 

mathematical procedure and scheme, 431- 
433 

maximizing entropy of 434 
removal production, 401—103 
storage 2-3 5 

-uslaining factors, 6,91,397-399 
perpetuation 5, 282-285 
plunpotcntial capacities, 4, 12 
scU 5 12 

transfusion, 6o 167 ICS 223 
transient*, 401—105 
Chlorambucil 310 
Cbloroampfaenicol 116 
Chromosomes, 86-91 
duplication 87 94-95 
in en tbroblasttr d;n*ion-<, 223 
radiation effects, 136, 137, 139 
Cobalt. 345 348,351-352 
Colchicine 40-46, o0-57 
for assessing turnover time, 31-32, 37, 46 
and metaphase 55-57 
and chromo-omal duplication 87,94-95 
and divioioQs, 87 
per alpha cell 2S5 
and epidermal cells, IIG 
la intc*-tinal epithelium, 37 
and reticulocyte’ 315-316,328 
and temperature, 44 
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Cortico),teroidb 269-270, 274-27d 
Corljsol, 264-265, 272-273 
Cortisone, 52, 57, 65 
C>«tine, radioactive, 10, 164 
Cjtidjhc acid, 157, 159 
Cytosine, 155, 157 

Deox%nboDucleio acid, 152 165 
in bacteria &4-Sfl, 06. 117 
of brain, 95 

content in bean root, 94 
cylonne utilisation, 153 
degradation, 83-93, 110, 112-113 
denaturatioR, S5, S7 
formation, 106,122 
hsbnd nature, 85, S7 
labeled, 130 133, 142-140, 132-165 
nrailnbibtj Uimt, 104-100,113-117 
in cells destined to die and divide, 40S- 
429 

chick emhno uptake, OS 
dilution 311, 3^ 351 
b\ exchange processes. 91 92 
tn generalized nonsleadt state 412-420 
aud proliferation "S-Sl, 91-03, 05, 250- 
331 

pre established exponential, 423-425, 
420 

raciioactivitj' retention, 66, 01-03, 110, 
157-158, 17J-n4, 210 
determiaation, 422-423, 433 
radioautographic, 8.3, 174-170 
radiochenucal measureiueot, 173-174 
in sieadv state, 420-422, 425-^26, 420, 
433 

turnover of adenine and guanine, 156- 
161 

IVilzbach luetliod, 130-133 
iiitliout spithesis, 92-03, 95 
See oho specific isotopes 
in leukemic cells, 130-133,150-161, !S4,253 
after leukopheresi*., 246 
of lymphocttes, 78, 157-138 100, 215-216 
metabolism, 83-06, I73-I74, 223 
reduplication, 94-95 
repljcatioa, S5-91 

reutilizalion, 110-113, 164-165, iOO, 173- 
174, 164, 413-115. 427,429 
stability, 83-93, 116. 118-120, 173-182 
-tructure, 84-85, 98 

nthesis, 4-5, 75. 83-81, 01-95, IIS, 217. 

nS-121, 124, 173-179, 215-217, 405 
andmatur itionstagcs,, 121,178-170,202, 
204, 223-224 
metbil 'hunt, 97-09 
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patiinas-, OS, 154-155 
and pH, 11$ 
phosphorylation, 9S 
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and preiDcubation time effects, 120 
and serum, fre^h or old, 120-121 
and thymidine, 5, 32, 86, 95, 98-00, 107, 
lli-IlS, I30-I33. 173-182, 210, 224 
Deoxvundilic acid. $4, 100, 102 134 
Diazmdiotl pbo'pbonitnle, ISS, 150 
Dihydrofolic acid, 100-102 
Diisopropy Ifluoropho-plnte. 145, 23I-24I, 
279,435-436 

Diisopropj!pho«phate, 231 
Diaitrophcool, 345 

Diurnal variation, 45-16 , 54. 225, 270, 345- 
346 

DvDiiiog beiyatoma, IDB 
Duodenum, milo is stages, 35-36 

Electron nucroscopt, 22-30, 221 222 
Eosinophil*. 3, 52-53, 270 
Epidermal ccIU. 20, 45-46 116 
Epithelial cells, iote*tiaaI, 35-37, 220 
Erytbroblasis, 22 2b 
acidopliihc, 26, 27 
in bone marrovr, 22 2b, 20S, 360-362 
volume, atid shunting rate 325 
cell death factor 326-32S 
change after bleeding, 294-205, 29S, 326- 
327 

classtScation, 223 
c% toplaxm, 200 

deoxyribouuileic acid, 112, 200 
diffcrentiAtiOR to, 361-362 
dni-ion, 296-297, 325 
and erythropoietic factor, 3CI-3C2 
generation time 291, 292, 294, 290 
gram count, 291-293, 325-326 
iron uptake, 22~2b. 29,201-293,296,322 
life *pan. 335 

lo-x, “leak" procc-s, 29C-29b 
maturation, 2U, -JG, 297 
without divuiun, 325, 327, 32$ 
mitObts, 50, 53. 294 
{dn»m 1 tlcarante, 294-298 
potychrumatophdic, 26, 27, 322 
proliferation, 291, 322 
in itoady stale, 296-297 
Erythrocytes See ICcd cells 
F/ythropoiCMS, 344-356 
activity sius, 300-311 
and anemia, 314.332-342,345^346,34S-350 
and anoxia, 314,329 
and cell deslli, 323 
and cell diMuoo, 320-330 
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control, 2, 2S4, 290-300. 3U, 318, 3M-356, 
434 

electron microscopy study, 22-30 
and erythrocytic precursors, 292, 327 
m bjpophjsectonuzed rats, 339-340 
perfused isolated limbs, 33S 
induction id circulating blood, 239 
ineffective, and cell labeling, 325 
and kidnejs, 350-363 
oxygen supply demand, 314, 345 
splenic, 309 

Erythropoietic stimulating factor, 3^-342 
Erythropoietin, 344-355 
in bone marrow, 57, 350 
and hyperplasia, 296, 340 
chemical properties, 340-341,347-349,353- 
354, 357-359 
clinical testing, 353-354 
and control of alpha cell. 231 
differences in humoral factors, 330 
and differentiation of cells, 298,313,347 
and hemoglobin production, 312,326,331, 
336,340,359,364 
and kidney, 314, 360-363 
metabolism and excretion, 34&'347 
and nitrogen mustard, 310 
and oxygen lack, 312-317 
plasma, 318-320,332,341,319 
and altitude, 345-316, 318, 333 
production, 313-314, 344-315, 350-353 
and proliferation, 284, 293, 312-3^, 320- 
328, 331, 350 

purification, 354-355, 3d8 
and radioiron uptake, 209, 303, 310, 319- 
320,326 

regulatory function, 298,318 
species differences m response, 330, 357- 
358, 363 

thennolabde and thermostable, 330 
urinary, 346-347 
absorption and pH, 340-311 
from Cooley’s anemia, 332-342 
destruction with cb' motrypsin and 
tiyyisin, 341 

Eschertchta coU, 90, 96, 111-117, 134 
Ethionine, 331 

Ferric chloride, 334-335 
Femtin, 22-28 
See also Iron 

Ferruginous micelles, 26, 27, 28 
Formate, radiocarbon labeled, 124-127,176, 
179 

Glucoee, 126 
Glutamic acid, 19 


Glycine. 124-127 
Gonads, nnd erythropoietin, 351 
Grain count, 15, 192-195, 197, 209-210, 224, 
291-293, 295, 325-326 
Granulocytes, 58-63 
basophilic, 3 

in bone marrow, 7 8, 239, 24&-25o 
compartmentalizatiDO, 232-235, 434-435 
interchange, 244-245, 247 
extraiascular pool, 15,17,14S 
function and death, 183 
gram counts, 192-193,197 
of granulocy tie leukemia, 156-160 
intravascular, 14-15 
labeling, 227-230 
alkaline phospbatace, 229-230 
atabrine, 227-229 

diisopropylfluoropbospbate, 145, 231- 
241, 435 

life »pan. 7-9,14-15,145-149,196-197,238- 
240, 248-255 

and parabiotic cross transfusion, 58-63 
of rat's, after infusion in mice, 229 
variations wilb methods, 146,243,251 
loss, 224,261-262 
migration, 16, 245-255 
mitosis, 7, 17, 50 53, IS3, 238-239 
modeU, 232-238 240 
neutrophil*. 53, 192-193 
“nuclear behavior,’ 223 
parabiotic cross transfusion, 58-63 
ID peripheral circulation, 225,243-245,253 
peritoneal exudate induction, 247 248 
in polycythemia \cra, 143 
production, 3, 254 

and leukopoietic stimulation factor. 

259-261 
per day, 239 
punne reutdizatioD, 112 
Growth, 7, 40-46, 50-57 
body, and proliferation, 31 
and deoxyribonucleic acid labeling, 173- 
IS2 

fetal, and alpha,2 alpha division*, 2S5 
hypophyseal hormone, and cry thropoiet in, 
339-340 

tnalhematical treatment, 3&8-3S0 
po*tnata1, 2S5 
regulation, 282-267, 434 
Guanine, radiocarbon labeled, 146, 155-163 
Guaoosioe tnpho*phatC, 126, 128 
Guanylie acid, 154, 137, 15S, 163 

HeLaGell.91.92 

Hematocrit, after erythropoietin, 333-334 
in monkey, 304 
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Beiaocliromalosvs, 27-23 
Hemoglobin, 124 

after erj thropoieUa, 332, 320, 333, 336, 
340, 304 

iron uptake, 26-28, 363 
normoblast, 290 
sjnthcMS, 313, 340 
Hemopoiesis, 1-18, 69-Sl 
Hemorrhage, 2, 294, 29^299, 318,320,351 
Ilemoaidenn, 22, 23, 26-28 
Heteroplasia, 273 
Heterotransplantation, 170 
Histamine, 260,2S4 

Hydroxjraethjldeoijcjtidjlic acid, 101 
Hj-poph>sectoinj, 338-^40, 345 
H>poxantfime, I27-I28 
Hypoxia, 313^14, 338, 345, 348, 351 352 

Imfeton, 302, 305, 307-30S, 32a 
Inosinic scid, 126-127 
Intestine, 35-37 , 44, 116-U7,156, 220 
Iron, 22-28 

intracellular retention, 291 
pinocjtOMB, 23, 30 
and nucrnpiQocjtosis, 24-23 
radioactive, 146, 178-181, 299-300 
after bleeding, 298-299, 318-320 
cell death, 321 
and cobalt, 349 
and colchicine, 50-57, 313 
dosage effects on hone marrow, 139-140 
and Imferon, 302, 307-308 
and maturation time, 321-322 
after nephrectoiu)’, 349, 360-361 
after nitrogen mustard, 310 
nonexcbangeabilitv, 300 
speciea dependent, 276, 3(6 
specific for early er>tluoid celts, ISO, 181 
after ureter ligation, 360-362 
and urinary eiythropoietin, 334-335 
reutihzation, 24-2S, 29, 30, 32t, 323, 325, 
326 

and whole hodj irradiation, 304-30S 
Irradiation, 304-308 
and erythropoietin production, 350 
of kidneys, 353 

leukocytes of parabionts after, 59^)0 
red cell precursors, 300-308 
small lymphocytes, 329 

Karyorrhcxis, 272, 273 
Kidney, and erythropoiesis, 314, 348, 3S1- 
353,359-301,363 

I,eukcmia, lSb-165.1S4, 223 
and ACTII, 274 


blast cells, 175, 177, 179 
amino acid uptake, ISl 
and corticocteroiiis, 274, 275 
defective template'*, 434 
granulocyte release before maturation, 
254-255 

lymphocytes, 184, 223 
plasma erythropoietin titers, 349 
and Prednisone, 157-159, 274-275 
and uncontrolled growth, 434 
Leukocytes, 156-163 
analog computer use, 434-435 
and colchicine 54 
deatrao lysolecithin method, 240 
and <liazirid]n>] phosphonitnle, 153 
diisopropylSunrophosphate study, 231- 
239 

diurnal Suctuations, 270 
cosinopiuhe, 52-53 
inbibitioo by fresh transfusions, 2a2 
after leukocMopberetic rat plasma, 2C0 
life span, 16, 1S3-184.106, 42S-429 
DOQisotopiD estimations, 144-145, 146 
parabiotic cross traDsfu«iQD, 58-^ 
radiocarbon studies, 156-165 
radiopho<phon>» studies 142 149, 231'- 
239,435 

variation with methods, 146 164 
maturation, 435 
monoDuctear, 35 
nucleic acids. 142-149, 155-1G3 
pohmorpbonuclear, 15, 17, 159-163 
and PrcdniEone, 156-157 
proliferation control, 242-263 
ID steady state, 2, 5S, 242 2G3 
Leukocytosis, 245-246, 259 261 
Lcukopheresis 245-246,251,283 
I,eukopoicsis, 242 
Liver,3 

and aged red cells, £Z 
aod cortisol, 265 

deoxyribonurleic acid formation, 1U6 
erythropoietin production 351 
ivmphocytc uptake, 167, 169 
in punne ssnthesis, 124 
radiviron storage, 361 
and thymidine, IDO, 110-U> 116 
Lung, cell uptake, 169,228 
Lymph. 3-4 

adrenal cortical control, 264-273 
and cell migration, 4, 69-74 
dcoxvnbonurlcic acid, 5, 48~49,78-81 
germinal centers, 48, 71,80 
henu^fOie-H, 2-3 
mesenteric, 80 210-2II. 214 215 
mitotic activity, 2l> 
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new cell formation, 66, 71, 79-81 
phagocjtosis in, 20,168. 169 
radiation damage to cells, VS6 
recirculation in, 79-81 
ejngenesiotransplanted cells, ICS, 169 
and thoracic duct, after tntiated thjini* 
dine, 70-7], 79-81, 209 
Lymphocytes 
after VCTU, 271 
in Addison’s disease, 271 
and adrenocoTtieal hormones, 264-275, 
276 

ammo acid uptake, 181 
blood, 54-35, 69-71, 79, 146-148, 216-217, 
257, 266, 268, 276 

bone marrow, 69 , 73 , 75 , 213-214, 257 
chroniocentcrs, 212 
and corti'ol, 271 
in Cushing’s syndrome, 271 
cycle time, 175,181 
death, 3,19-21, 43, 271, 276 
developmental potentialities, G9 
diiBolution, 271-272 
diwnon, 4E, l&4r-165 
epithelial, dermal, 20 
formation, 79-81 
and migration, 43, 69-72 
and stem cell renewal, 7, 41 
variations m areas, 253 
function, 2-3, 166, 169-170, 2o6 
generations, 40, 41, 48 
and faydrocortiione, 149,262 
in infectious mononucleosis, 271 
intracellular hy dration, 271 
labeling, 142-149 
persistence, 146-149, 164,186-187 
radiation effects, 185-187 
radiocarbon, 156-163 
radiochromium phosphate, 257 
radiopho'phorus, £6-67, 78-81, 145-119, 
162, 106-172, 215-216, 275 
tntiated thymidine, 7t>-71, 79-81, 185- 
187, 210-215, 224, 276 
lepiochromatic nuclei, 212 
in leukemia, 156-163 

life span, 146-149, 163, 164, 176, 1S3, 212, 
255-256, 258 
lo«3, 3, 209 
mitotic rates, 19-20 

morpholo^c appearance, after dtii'ioo, 
2 o6 

"nuclear behavior," 223 
nucleic acids, 156-163, 168-169 
synthe-is, 78, 179, 214. 216-21" 
in pidy tylhcEua %era, 145-146 


and Predni<‘one, 157 
production, 3, 71-72, 80 
pioliferation, 19-21,255 
and corticosteroids, 274-275 
extraiymphatic, 253 
regulation, 261-277 
protein synthesis, 179, 181 
PSkoo'ts, 20, 276-277 
recirculation, 35, 64-^, 78-81 
replacement, in lymphopenia, 14S-149 
ieutili2alioD,20.164-165,167,16S-169,176 
size,38-42, 48, 78, 210-215, 224,271 329 
characteristics, 215, 256, 276 
after epinephnne, 271 
mediation, after stress, 270-271 
percentage of large, 275 
storage, 2-3, 73 

thoracic duct, 34-33, 06-71, 74, 78-81 
IQ thymus, 38-41, 43, 170, 211-212 
tran<ru«ioii, 65-68, 71, 79-81 
(ratn-plantation, 166-172, 187 
Lyinpbocitopoiesi«, 20 
and adrenocortical bomones, 265, 268- 
2«).273 

autoradiographic study after tntiated 
tbymiJine, 208-217 
th>rolo)JCo^lS, 270 
and traosplacCation, 25S 
Lymphoma, 272 
Lymphopenia 146-148, 265-268 
mediated response, 265-268 
Lympbosarcomalo^is, 374-275 

^^egalob1ast. 55, 201 202 
6 Mercaptopunne, 275 
Metamyelocyte, 9, 201-204 
Methionine, 19,102 
Micropinwito^is. 23-24 
Mitochondria, ferritin, 24-28 
Mitosis, 4-7, 12 
and amino acids, 19-20 
ID bone marrow, 7, S, 50-57, 294 
and ceil renewal sislem, 7, 31 
aod colchicine. 32-34. 40-46,50-57,87. 313 
in crypts of Lieberkutin, 35-36 
cycle duration, 6-9, 19, 31, 33, 44—15, 175, 
181,2)1 203,293-294, 318 
diuma) lanal'ons, 45-46, 54 
and stress, 2S6 
epidermal cells, 20, 45-16 
eothreddasts, 53, 294 
exponential law for disap|>earance, 55 
gramilocy te«, 7, 8, 17, 50. 53, 183, 23S-239 
HeLa cells, 91,93 
uleatiGiCation, 32 
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immature cells, 4 
IQ infectious mononucleosis, 5 
in inte«tinal epithelium, 35-37 
m life span estimation, 37-40,21S-219 
ami ljmphoc>-tes, 20, 21, 167 
in megaloblast, 55, 201-202 
in mjelocjtea, 8-9, 175. ISl, 2D1 2£a, 223 
and oxjgen tension, 313 
phases, 6,7,32-37,42-46,30-55 219-230 
and proliferation, 5, 12, 16, 31 32, 37—10 
216 

in red cells, 7, 33, 291 
reticular cell, 43 
slathmokinetic method, 50-57 
successive multiplicative, 5 
temperature affects 31, 44-45 
tetraploid, 87 

Jfononiiclear cells, 177 178, 275-276 
■Mucopoh«accliande, 279 2S1 
Mucoprotein, enthropoietiu 3S7-3dS 
Mutation, 284, 379 434 
Mjeloblast, 201-204 
Mjelocjtes, 179 
grain counts, 197, 202 
mitosis, 3-9, ISl 202-204,223 
M>eloid cells, 17, 253-254 

X cell, 2S2-2S6 
Xeuirophils, 3 
m blood, 9,190. 19S, 224 
and in marrou, 201-207 
lifespan, 8.9-11,10-17. 198 
loss, 3, 206 

poUtivorphonuclear 13 17, 150-163 
recirculation, 197 
segmented, 190, 197 
storage pool 4 

tntiatcd thvmidmc labeling 190,204 
Xormoblast«, 230 
amiuoacid uptake, ISl 
basophilic See Pronormoblast 
generation time 175 173,180 195 222-223 
“middle polj chromatic" 179 ISO 
mitotic indcT, 294 
and nucleic acid s^nlhe'^is 179-180 
orthochromatic, S, lto-163 195, 222-223, 
290. 322 

polychromatic, 8, 479, 18S-1S9, 195, 223, 
200, 322 

proliferation, 322 
Nucleic acids 5fe specific acids 
Nucleotides, 110-112,155,161 

Pirahiosis, 2oS)-200 
Pernicious anemia, 2SG 
Phagocytosis, 2 


of leukocytes, 240 
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Pho«pIiortis, radioactive, 66-67 
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162 169.184, 246, 255 
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436 

disadvantages, 153,184 
free. 167 168 

inorganic 167-16S 1S3-1S4 
teuLoote life span, 142-149 231-239 , 435 
hmphocjtes, 66-67, 7S-S1, 145-149, 162, 
166-172,215-216 275 
retention in nucleic acid fractions 240 
Pinoc\fo«i3. 23 29 

Pituitary, and erythropoietin 33S-339 
Plasma 318^20 
and altitude, 345-346, 348 353 
anemic, 293 
cells, 2-3 48, 74 

and diisoprop>)fluoroplu>-phjte 231 
and cr^tbropoletlD 345-340 347 348, 351 
\cr<us tinne as «oiirce 382 
iron 30 318 328 349,351 352 
in poiycy-ihemia 347 353 
transferriD 25 28 
Platelet 

circulating mass size 2 
10 coagulation 2SO-2&1 
diisoprop\iOuorDpho-])hate 231 279 
life <paa, 278-S80 281 
IQ'S 270-201 

mucopoKeaccbandc extractioo 281 
production 3, 279 
storage pool 4 

Pohcjtbemia, 329, 334-335 345 
PolvTibutbimidNlic acid, 104 
Predni'One, I60-15S 274-275 
Proliferatioo 1-18 20S-217 409-429 
and alpha/n cell ratio, 2b2 
and bod) growth 31 
cell death in course of 20 321 323 
erytbrocite, 31S-324 
in h^potta, 312-317 
precursors, 322 

and cry thropoictiB, 2$4 298 3J2 320,326- 
323,331, 3o0 

in ealrahmpliatic lymphocvtcs 25S 
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iQ hcinolitic anemia, 2^2 
hemopoietic, 1-lS 
mo^), 6,193 
lymphocyico, 19-24.2oS 
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aod oxjgen tension, 312 
regulation, 102, 135, 140, 2K1-2S9 
basis for model, 295 
dual, 2, 2S4-2S5. 31S 
stud) technics, 31-46 
autoradiography after thymidine, 20^ 
217 

mathematical, 400-4®, 433 
mitotic index U'*, 37-40, 50-57 
and thymidylic acid synthesis, 97 103 
in thymus, 73-74 
of transplanted cells, 25S 
and tnphosphopyndinc, 102 
and tritium, 135, 140 
ve-icular endopla«nuc reticulum, 221-222 
•romieloeylea, 179. 201-204 
‘rononnoblast, 174, 176 
bone marron, 293, 303, 300-31S 
and colchicine, 316 
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mitotio index 294 
proliferation, 322 
radioiron uptaXe 303 300-303. 321 
ratio of nucleated red cell precursors, 1S3- 
1S9 

Ptendine, 100 
Purines, 122-123 
half time in blood, 133 
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and of adenine and guanine, 155 157- 
159,163 

metabolism of preformed 127 
nucleotide, 122-130 
and poly nucleotide synthesis, 155, 161 
production in human, 112 
rcutilization, 112 122 
synthesis, 122 129 
capacity fordenoio 123-124, 12» 

Fy Lnosis, 48, 272 273, 290 

HadiatioD, and cell damage 14-15, 136-141, 
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Radioaulography, 174-182 
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423 
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and cell damage, 135-140, 299-300 
radiocarbon adenine, 34, 37 
radioiron, 299-300, 303, 325 
tntiated thymidine, 201 207, 20^217. 
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migration and morphologic transforma¬ 
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217 

Recirculation, 2-4, 17, 34-35, 64-68, 70, 7S- 
81, 243-244 
Red cells, 3,16 

cell death. 3, 112, 318, 321, 328,345 
deoxy nbonucleic acid See Deoxy nbo- 
Ducleic acid 
diQerentiation, 200, 295 
digestion, 22 

dii8opropilfluoropho‘phate binding la, 
231 

dilution rate, 59 
dixisioD. 297 

emergence time, 306-303, 321, 323 
enzymes 125,231 

and erythropoietin, 316-318, 332-342 
hemoglobin formation, 26, 336 
labeled, 205 3IS-321 
in bled animal 318-320, 325 
direct, 302 

after irradiation, S04-3QS 
radiochromium 240 241 
radioghrine, 5 
See Iron radioaclue 
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